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Preface 
This thesis is about wood, or more specifically, about how tall woody plants (that 
we call trees) generate the material that is commonly found in tables, chairs and 
clogs, besides being valued as a carbon storage to mitigate climate change. Wood 
is undoubtedly one of the most versatile raw materials available to man. Yet, 
recent changes in climatic conditions raise many questions about the future fate 
of wood formation. How is wood formation or “xylogenesis” regulated by climate 
within our forests? Which mechanism is driving the formation and growth from a 
single woody cell to the characteristic annual tree rings? What effect will climatic 
change have on tree growth? This work addresses these questions and aims to 
provide a “mechanistic perspective” on wood formation. 
To me it is fascinating how, although trees appear to be static elements within the 
landscape, the environment has a significant impact on their “movement”. On a 
daily basis, the tree-stem dimensions shrink due to the usage of water from the 
stem-storage compartments during the day and swell or refill again during the 
night. Driven by transpiration, the transported water is used for photosynthesis to 
produce sugars, which are subsequently crucial for the formation of woody tissue. 
Additionally, the refilling of the water storage compartments during the evening 
provides the required turgor pressure for wood formation processes (i.e., wood 
cell enlargement) and contributes to the generation of the characteristic tree-ring 
structure. After having worked on long-term growth change patterns in tropical 
tree rings, I was highly interested to start this PhD and link these physiological 
mechanisms to explain tree-ring formation. 
This thesis synthesises results that were generated in the framework of the four 
year lasting LOTFOR project, entitled; “Coupling stem water flow and structural 
carbon allocation in a warming climate: the Lötschental study case”. It contains 
multiple manuscripts in preparation for, submitted to, or accepted in peer-
reviewed scientific journals. Besides presenting these results, my goal is to 
provide the story around and beyond my research interest, namely; tree 
physiology and wood formation. In addition, I would like to provide readers with 
my reasoning and perspective on tree physiological research focussing on tree 
growth and ideally generate future research avenues. 
  
 This work (and the LOTFOR project in general) demanded persistence, creativity, 
goodwill, structure and a healthy dose of humour. It touched upon a large range 
of research topics, including ring-width studies, wood anatomy, tree hydraulics 
and mechanistic modelling. From studying highly detailed processes of wood 
formation, to large scale patterns in tree water use around the Northern 
Hemisphere. Searching for the mechanistic reasoning behind wood formation was 
challenging but rewarding, especially when linking wood formation at different 
temporal scales with tree hydraulics. This project provided me with the unique 
opportunity to explore many different research directions and further sharpen my 
research interests. 
My current purpose as a researcher is to use models that provide a more 
physiological basis for wood formation and interplay between growth and climate. 
To put it bluntly, I want to challenge the current paradigm of “simple” linear 
climate versus tree-ring width relationships and bridge the gap between rings and 
the physiological mechanisms driving their formation. In my view, studying trees 
along environmental gradients is crucial to obtain this knowledge. Furthermore, 
incorporating a large range of high-resolution measurements on multiple 
physiological parameters and integrating them with long-term growth proxies 
should receive more attention. Instead of either viewing a tree as a giant 
thermometer or focussing on highly controlled and detailed physiological 
processes, we should combine these approaches into a more holistic scientific 
research field. I also firmly believe that although models are only simplifications 
of reality, they provide a vessel in which knowledge of biological processes can 
be preserved for, and transferred to, future generations. With this thesis, I (hope 
to) present ways of doing so and stimulate discussion on how to improve the 
cooperation between mechanistic modellers and the tree-ring community.  
 
Birmensdorf (Switzerland), May 2018 
 
Richard L. Peters 
 
2200 m 
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1.1 Interplay between tree growth and climate 
Current predictions on climatic change indicate that the global air temperatures 
can increase with 2.6 to 4.8 °C by the end of the 21st century (compared to 1986-
2005; Collins et al. 2013). Also, an increase in frequency, duration and magnitude 
of hot extremes on both daily and seasonal scales is expected (Collins et al. 2013). 
The carbon cycle has been recognized as a key component for better 
understanding these climate change patterns (Frank et al. 2010; Kirtman et al. 
2013). Yet, uncertainties in these predictions are to a large extend related the 
capacity of the terrestrial biosphere to capture atmospheric carbon (Friedlingstein 
et al. 2006; Chapin et al. 2008). Investigating the effect of climate change on the 
productivity of the terrestrial vegetation is thus important for improving our 
understanding of the biogeochemical processes that shape the earth’s climate 
(Bonan 2008). 
“Trees are wonderful things” (McCarroll & Loader 2004), or at least 
remarkable life forms, especially when considering their unique capability of 
converting CO2 into large quantities of woody tissue (Pan et al. 2011). Trees thus 
play a key role in the biosphere-atmosphere-climate feedback, as forests store 
≈45% of terrestrial carbon within their woody tissue, contribute to ≈50% of 
terrestrial net primary production, and are a key component within the global 
hydrological cycle (Hutjes et al. 1998; Prentice et al. 2000; Myneni et al. 2001; 
Anderson et al. 2011). In other words, trees can be considered as the anchor points 
in the earth climate system where the carbon and the hydrological cycle are 
coupled. There has consequently been great incentive to investigate the effect of 
changing temperatures and water availability on tree functioning. For example, 
these climate change agents have been linked to changes in tree productivity 
(Boisvenue & Running 2006; Hember et al. 2012), mortality rates (Breshears et 
al. 2009; Allen et al. 2010; Anderegg et al. 2012), insect outbreak activity (Kurz 
et al. 2008; Johnson et al. 2010), disturbance dynamics (Bakkenes et al. 2002; 
Seidl et al. 2014), species distribution (Thuiller et al. 2008; Hanewinkel et al. 
2013) and vegetative period (Peñuelas et al. 2009; Steltzer & Post 2009; Rigling 
et al. 2013). 
More prominently, recent studies have focussed on annual tree-growth 
patterns occurring since the industrial revolution and described long-term positive 
or negative trends in stem growth, which have been described for both permanent 
sample plots (Pretzsch et al. 2014; Wu et al. 2014) and tree-ring studies (Villalba 
et al. 2012; Groenendijk et al. 2015; Girardin et al. 2016; Tei et al. 2017). Due to 
climate change a gradient from positive to negative effects would be expected 
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when moving from cold-humid to warm-dry growing conditions (e.g., Charney et 
al. 2016). Yet, no consensus exists on whether recent changes in climatic drivers 
will affect tree growth accordingly. This is highlighted by the fact that, despite 
warmer growing conditions and increased CO2 concentrations, no clear patterns 
emerge from long-term trends in tree growth (e.g., large variability in detected 
trends in Figure 1.1). Additionally, mismatches between the climate sensitivity of 
forest productivity models and observed climate sensitivity derived from tree 
rings (e.g., Babst et al. 2013), stress that we still do not fully understand 
physiological mechanisms behind the climatic regulation of tree growth (Fatichi 
et al. 2014; Cuny & Rathgeber 2016).  
Figure 1.1 Review on detected long-term growth changes in tree species from tree-ring studies. 
The circle diagrams represent the number of species that have been investigated in a specific 
country. Red colour indicates a decreasing long-term growth trend, green an increase and grey 
no apparent change (adapted from Peters et al. 2015).  
 
1.2 Drivers of cambial activity  
When interested in carbon fixation performed by trees, we are concerned with the 
size and quantity of formed wood cells and eventually the longevity of the tree 
before the carbon respires back into the atmosphere due to decay (Körner 2017). 
Wood cell development stands at the physiological basis of tree diameter growth, 
where the structure of the cells dictate the carbon allocated in woody tissue. The 
cambium, the lateral meristematic tissue of a tree, is at the heart of xylem and 
phloem cell development (Kozlowski 1962; Rathgeber et al. 2016). The so-called 
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cambial zone can be defined as all cells capable of division (Wilson et al. 1966), 
including the phloem and xylem mother cells (Vaganov et al. 2006). While the 
phloem is a tissue mainly responsible for the transport of sugars produced by 
photosynthesis, ≈90% of the conifer wood volume consists of tracheid cells 
(Vaganov et al. 2006), which provide structural support and facilitate transport of 
water and nutrients (Kozlowski et al. 1997).  
Due to their relatively simple anatomical structure, cambial activity studies 
have often focussed on conifers and the development of tracheids (e.g., 
Deslauriers & Morin 2005; Deslauriers et al. 2009; Rossi et al. 2012; Simard et 
al. 2013; Cuny et al. 2014; Cuny et al. 2015). Tracheid differentiation follows a 
sequence of cell division, enlargement, wall-thickening and programmed cell 
death or maturation (also referred to as xylogenesis; see Rathgeber et al. 2016). 
Enlargement is driven by water absorption in cellular vacuoles, where the 
resulting turgor pressure leads to cell expansion by stretching the thin primary cell 
walls (Lockhart et al. 1965; Abe et al. 1997). Subsequently, tracheids develop a 
more rigid secondary cell wall which are lignified for structural support. 
Maturation follows when autolysis of the nucleus and all cellular organelles 
occurs, so the cell can perform the function of water transport (Vaganov et al. 
2006). Mature tracheids vary in their dimensions throughout the seasons, with 
relatively large radial diameters but thin cell walls in the beginning of the growing 
season (earlywood) and cells with small radial diameters and thicker cell walls at 
the end of the growing season (latewood; Schweingruber 1996). 
How environmental drivers affect the cambial activity is still under debate, 
as two contrasting hypotheses exist, namely; source- or sink-limited growth 
regulation (White et al. 2016). Source-regulated growth assumes that glucose 
production via photosynthesis limits growth and its response to recent changes in 
CO2 concentrations, increasing temperature and water availability dictates growth 
rates (Cramer et al. 2001; Anav et al. 2013; Friend et al. 2014). The prominent 
regulation of tree growth via changes in carbon source activity is however 
disputed by long-term free-air CO2 enrichment experiments, tree-ring studies and 
modelling (Parent et al. 2010; Norby & Zak 2011; Peñuelas et al. 2011; van der 
Sleen et al. 2014). Some studies show that temperature-limited plants tend to 
reduce growth but increase carbon storage (Körner 2003; Woodruff & Meinzer 
2011; Sala et al. 2012). This finding is supported by the minimum cambial activity 
threshold, which appears to be 5-6 °C, above the photosynthetic minimum of 0 
°C (Saxe et al. 2001; Körner 2008). Such findings provide evidence that the direct 
control of carbon investment into tree tissue (or carbon sink) is under limitation 
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at lower temperatures (see Körner 2012), but also during droughts (see Fatichi et 
al. 2014). In other words, increasing carbon availability from changing 
photosynthetic activity does not necessarily translate into 1:1 increased growth, 
as the dynamics of growth show a different sensitivity to environmental 
conditions (Figure 1.2). In this case, temperature can directly influence metabolic 
processes, or affect hydraulic pressure needed for cell enlargement, determining 
the potential growth rate of woody tissue (Fatichi et al. 2014). This evidence 
supports the need for investigating the direct interaction between environment and 
cambial activity for understanding and modelling tree growth (Fonti & Jansen 
2012; Fatichi et al. 2014; Hayat et al. 2017). 
 
Figure 1.2 Growth vs. photosynthesis dynamics against increasing air temperature (Ta; a) and 
drought or soil water potential (ψsoil; b). The lower panels show normalized growth and 
photosynthesis responses derived from Fatichi et al. (2014), who hypothesised these responses 
based on apical meristem growth. The offset between photosynthesis is especially apparent at 
lower Ta and more negative ψsoil. As a reference, the upper panels provide the frequency of 
occurring environmental conditions in the Lötschental high-elevation sample plots (King et al. 
2013a), derived from hourly measurements from 2008-2015 (see section 1.7). Especially the 
highest elevation site (S22; south-facing slope at 2200 m above sea level), appears to fall in the 
range where there is a large difference between photosynthetic activity and growth. Also, the 
dry site at the valley bottom (N13; north-facing slope at 1300 m a.s.l.) in contrast to a wet site 
(N13W) shows drought conditions where growth is impaired, while photosynthesis appears less 
affected.  
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1.3 Turgidity and tree hydraulics 
A tree does not transport water from root to leaf solely as a resource for sugar 
production. They tightly regulate the internal water transport to perform multiple 
tasks, which include regulating turgidity (or pressure exerted on the cell walls of 
plant cells). The regulation of turgor within the cambial zone is particularly 
important for the initiation of cell enlargement and thus plays a central role as a 
regulating mechanism of sink-limited growth processes (as discussed by Fatichi 
et al. 2014). 
The process of wood cell enlargement is best described by the Lockhart 
(1965) model, presuming the initiation and enlargement rate are largely regulated 
by turgor pressure (i.e., a positive water pressure potential). Within this model, 
the irreversible deformation of the cell wall and expansion of the cell 
compartment requires turgor above a threshold value. The turgor pressure 
dynamics are regulated by the daily occurring mismatch between atmospheric 
demand for water at the leaf surface and the supply of water from the roots, forcing 
woody plants to use and refill water-storage compartments in the bark (e.g., 
Zweifel & Häsler 2001; Zweifel et al. 2001). This causes typical diel cycles of 
bark and xylem shrinking during the day and swelling during the night (e.g., 
Steppe et al. 2005; King et al. 2013a). Based on this paradigm, the work by Gérard 
et al. (2001) was among the first to simulate the importance of stem and root 
diameter variation in woody plants and offers a basis for integrating water-storage 
dynamics and diameter growth. 
Both turgor regulation and production of carbohydrates are tightly linked 
to the way a tree regulates the flow of water through the soil-plant-atmosphere 
continuum. As higher fluxes of water molecules exit the leaf during gas exchange 
compared to the fixation of carbon molecules (Nobel 2009), strong selective 
pressure has caused trees to develop specialized ways to regulate their internal 
hydraulics (Brodribb et al. 2014; Anderegg et al. 2016). Besides anatomical 
adjustments (Bouche et al. 2014; Anderegg 2014), stomatal regulation has been 
identified as a key mechanism for controlling water losses under changing 
environmental conditions (Hetherington & Woodward 2003; Buckley 2005; Lin 
et al. 2015). When considering the importance of turgidity in initiating cell 
enlargement, elucidating stomatal conductance dynamics is thus crucial for our 
mechanistic understanding of tree growth. 
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Regulation of stomatal conductance has been of central interest for 
explaining transpiration from the single leaf, to the tree- and forest-stand level 
(e.g., Jarvis 1976; Tuzet et al. 2003; Damour et al. 2010; Buckley & Mott 2013; 
Verhoef & Egea 2014; Klein 2014). Due to the size of a tree, stomatal conductance 
is often derived from sap flow measurements, as it is difficult to measure 
conductance on a leaf level and properly upscale this to the entire canopy (Arneth 
et al. 1996; Granier et al. 1996; Ewers & Oren 2000; Chang et al. 2014; Wieser 
et al. 2014). Sap flow is mainly measured with heat-based sap flow methods 
applied at the tree-stem level, which have provided estimates on whole-tree water 
use behaviour across a wide range of spatio-temporal scales (e.g., Swanson 1994; 
Smith & Allen 1996; Wullschleger et al. 1998; Lu et al. 2004; Kallarackal et al. 
2013, Van de Wal et al. 2015). Yet, many challenges persist with the application 
of sap flow methods, especially in terms of translating the temperature signal, 
measured with thermal dissipation probes, into sap flux density or amount of 
transpired water (Köstner et al. 1998; Lu et al. 2004). Nonetheless, when carefully 
applied, these methods can provide crucial information for explaining stomatal 
behaviour and inferring mechanisms of wood formation patterns at high temporal 
resolutions (Steppe et al. 2015). 
1.4 Tree growth modelling paradigms 
Due to the complex nature of tree physiological processes, models are necessary 
to link complex hydraulic processes to wood formation. Since the 1950s it is clear 
that plant models are useful tools to better understand the complex nature of plant 
growth (e.g., De Wit 1959; Tardieu 2010). Various classes of models have shown 
to be crucial in describing and predicting the interaction between the environment, 
variability in tree growth, forest productivity and other tree-atmosphere 
interactions. Yet, the inability of these efforts to unravel long-term growth trends 
detected in tree-ring data and discrepancies between model results and empirical 
data (Cramer et al. 2001; Friedlingstein et al. 2006; Frank et al. 2010; Beer et al. 
2010; Babst et al. 2013), indicates that significant progress is still needed to 
improve our modelling performance. 
One class of models, the dynamic global vegetation models (DGVMs), can 
simulate fundamental mechanisms of photosynthesis (i.e., source-driven growth), 
water fluxes, nutrient allocation, competition and energy transport at the plant 
functional type level (Cramer et al. 2001). DGVMs can operate on large spatial 
scales, although being among the coarser growth models. This is reflected in their 
use of simple allocation rules for a limited number of vegetation types, instead of 
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including mechanistic formulations of sink-limited growth response (i.e., cambial 
activity) to environmental change (Fatichi et al. 2014). 
A more detailed class of models includes the cambial growth models 
(CGMs), which simulate the process of cellular division, enlargement and 
maturation driven by the cambium (Shashkin & Vaganov 1993; Fritts et al. 1999; 
Downes et al. 2010). CGMs have been mainly validated for annual growth rates 
(i.e., ring-width time series) in Russia, North America and Australia (Anchukaitis 
et al. 2006; Evans et al. 2006; Drew et al. 2010), however the mechanistic 
connections to photosynthesis, water flow and other biological regulations are 
rarely considered. Additionally, the anatomical structure generated with these 
models still has to be validated against xylogenesis observations (Shishov et al. 
2015). 
The third class of models simulates the mechanistic dynamics of water 
fluxes and radial growth for individual trees, hence referred to as mechanistic 
whole-tree models (MWMs; see Steppe et al. 2005; Zweifel et al. 2006). MWMs 
link two main processes; (1) dynamic water transport within the tree and (2) stem 
diameter variations. The transport of water is modelled by using a simple van der 
Honert principle of flow, forces and resistance (van den Honert 1948). Stem 
diameter variation is determined by two processes; expansion/shrinkage and 
growth (irreversible expansion). Growth is assessed by using a model of cell wall 
expansion (Lockhart’s 1965; Hsiao et al. 1976; Proseus & Boyer 2006), relating 
the expansion rate to cell turgor pressure (see Steppe et al. 2005). MWMs are 
promising tools for understanding sink-limited growth patterns, with the 
possibility to include source-driven mechanisms (or photosynthetic activity; see 
De Schepper & Steppe 2010). Although MWMs have been mainly applied on 
cultivated or juvenile trees under highly controlled conditions, or on low 
replicated mature trees without long-term monitoring (e.g., Verbeeck et al. 2007a; 
De Pauw et al. 2008; Steppe et al. 2008; De Swaef et al. 2012), their application 
should be extended to mature trees growing under natural conditions. 
1.5 Bridging gaps with mechanistic modelling 
MWMs are among the more advanced growth models, which at the most basic 
level use sap flow and dendrometer measurements to predict wood formation 
dynamics (Steppe et al. 2005). They thus show great potential in trying to answer 
how the environmental conditions dictate radial growth rates, independently from 
photosynthesis (see Figure 1.2). Additionally, these models are able to bridge 
temporal gaps between growth measurements (e.g., annual tree rings vs. weekly 
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xylogenesis observations) and link different tree physiological measurements 
(e.g., dendrometer and sap flow measurements). The large range of tree 
physiological measurements collected across the globe (see Figure 1.3) should 
thus stimulate the use of MWMs in the future. Below I provide examples on how 
MWMs could bridge gaps between different types of tree physiological 
measurements presented in Figure 1.3: 
(a) MWMs can use tree hydraulics to simulate and mechanistically explain 
annual tree-ring patterns. Tree rings provide the longest records on annual 
tree growth (e.g., The International Tree-Ring Data Bank; Babst et al. 
2017), in some cases stretching over millennia. 
(b) High-resolution flux tower measurements record the H2O and CO2 
exchange between the atmosphere and forest canopies for over 20 years 
now (e.g., FLUXNET; Chu et al. 2017). With MWMs both water fluxes 
and photosynthetic activity can be linked to address how these processes 
interact to form tree-ring structures. 
(c) Dendrometers are used to measure a combination of a hydraulic and a 
growth signal on the individual tree level and have been applied over large 
temporal and spatial scales (e.g., DendroGlobal database; King et al. 
2013a). Yet, disentangling these two signals is not easy (see Zweifel et al. 
2016). MWMs are able to disentangle the signals and provide additional 
physiological parameters, like the hydraulic resistance, capacitance or 
stem water potential (Steppe et al. 2005). 
(d) Wood anatomical measurements provide intra-annual resolution 
measurements of growth and can be used to define the start and end of the 
growing season and disentangle both cell enlargement and wall thickening 
processes (e.g., XCELL database; Rossi et al. 2008; Cuny et al. 2015). 
However, the collection of these measurements and data handling can be 
challenging and limits their application (see von Arx et al. 2016). 
Modelling these intra-annual growth patterns with measured sap flow data 
in MWMs is thus of great interest, as sap flow measurements have been 
widely collected (e.g., SAPFLUXNET; Poyatos et al. 2016). 
If we can correctly replicate annual and intra-annual growth patterns by 
applying the sink-limited growth mechanisms included in MWMs, then we 
provide an incentive to include these mechanisms into the current global models 
(i.e., DGVMs) dealing with climate change-growth interactions. Notwithstanding, 
the application of these models is especially interesting at sites where there are 
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large discrepancies between photosynthetic activity and growth (either at 
temperature limited sites or sites with episodes of drought; see section 1.2). 
Applying MWMs on mountainous ecosystems (a temperature limited ecosystem; 
Körner 2012), where a large quantity of tree physiological measurements are 
present is thus of great interest to advance our knowledge on sink-limited growth 
processes. 
1.6 Main objective of this study  
Tree growth requires turgidity to exert the pressure necessary for cell expansion, 
assimilates to lengthen and thicken cell walls, warmth to allow the metabolic 
reactions to take place, and time for these processes to be completed. The general 
objective of this thesis is to supply a better mechanistic understanding on how 
these physiological and environmental factors interact in regulating wood 
formation and shaping tree rings in high-elevation conifer trees. We put specific 
focus on the coupling between stem hydrological cycles and structural carbon 
dynamics in the context of increasing temperature and water scarcity. 
In this thesis I combine multi-annual records of both intra-annual wood 
formation data and high-resolution hydraulic measurements within MWMs to 
mechanistically explain inter- and intra-annual growth patterns. To simulate the 
impact of recent climate change on these mechanisms, we applied a space-for-
time experimental setting (see section 1.7) within the Swiss Alps where we 
collected data along an elevation/thermal gradient and contrasting wet and dry 
sites. Additionally, I critically evaluate existing methodologies for measuring sap 
flow and handling large datasets of wood anatomical properties. 
General introduction 
21 
 
 
Figure 1.3 (a) Global distribution of sites where relevant tree physiological measurements were 
collected, including sap flow (SAPFLUXNET; Poyatos et al. 2016), wood anatomy (XCELL 
and GLOBOXYLO database), dendrometer (DendroGlobal database), flux tower (FLUXNET; 
Chu et al. 2017) and tree-ring width measurements (The International Tree-Ring Data Bank; 
Babst et al. 2017). The forest data has been extracted from the MODIS land cover data products 
(Forest= fractional forest cover >60%; Friedl et al. 2010). (b) The temporal extend of the 
datasets presented spatially in (a). Histograms on the availability of sites with the specific tree 
physiological measurements against a log-transformed time scale is provide in (b). The tree 
physiological measurements are grouped with colours into measurements addressing 
photosynthesis, tree hydraulics and wood formation. The grey lines indicate the time scale steps, 
including minutes, hours, days, weeks, months, years, decades, centuries and millennia. The 
histograms are horizontally ordered according to the general mechanistic understanding on the 
measured process. 
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1.7 Space-for-time experimental setting 
When considering the climatic interaction with tree hydraulics and wood 
formation, environmental gradients in mountainous regions are of great scientific 
value. Environmental gradients provide a unique space-for-time experimental 
setting (see Moser et al. 2010), where changes in growth due to temperature and 
water availability (= time) are substituted by changes along the elevation transect 
and contrasting sites in soil moisture (= space; Körner et al. 2007). 
The experimental setting is located within the Lötschental valley in the 
Swiss Alps (46°23′40″N, 7°45′35″E; Figure 1.4a). The valley is characterised by 
steep slopes (>60%) and mainly covered with a mixed forest of evergreen Picea 
abies (L.) Karst. and deciduous Larix decidua Mill. The valley is oriented along 
a northeast-southwest direction and connects to the Rhône Valley. The mean 
annual temperature in the valley is approximately 5 °C and mean annual 
precipitation exceeds 800 mm (Figure 1.4b), where the growing season 
temperature from 1975-2009 showed a significant positive trend of 0.6 °C per 
decade (data from MeteoSwiss surface observation network; see King et al. 
2013b). 
 
 
Figure 1.4 (a) Location and the space-over-time experimental setup within the Swiss 
Lötschental. At every 300 m a.s.l. a site was established (e.g., 2200 m a.s.l.= 22) on either the 
north- (= N) or south-facing (= S) slope. (b) Climate diagram providing the mean monthly air 
temperature measured at the sites (in °C) and the monthly precipitation obtained from the nine 
nearest climate stations for the period 2008-2015 (ranging from 6 to 43 km; Federal Office of 
Meteorology and Climatology MeteoSwiss). Mean daily precipitation data obtained from the 
stations were weighted according to the distance to the setup. 
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 We continuously monitored five sites across a thermal and moisture 
gradient from April 2012 until October 2015, with a minimal temporal resolution 
of 15 minutes (see Figure 1.5 for examples of performed measurements). Four of 
these sites are situated along an elevational gradient on a south-facing slope with 
a 300 m interval from the valley bottom at 1300 m above sea level until the treeline 
at 2200 m a.s.l. (Figure 1.4a). At the treeline (S22), and close to the distribution 
limit of L. decidua, the mean annual growing season temperature is 8.3 °C (mean 
microclimatic measurement from 2012-2015, including May-October). At 1900 
m a.s.l. (S19), a site close to the distribution limit of P. abies, has slight warmer 
conditions with mean annual growing season temperature of 9.2 °C. The two 
lower sites at 1600 (S16) and 1300 m a.s.l. (N13) experience both drier and 
warmer conditions, with a mean annual growing season temperature of 10.4 and 
11.5 °C, respectively. Finally, a contrasting wet site was established at the valley 
bottom close to the Lonza river (N13W), with slightly cooler mean growing 
season conditions of 10.4 °C. The growing season temperature difference between 
the highest and lowest elevation site (of 3.2 °C) is of comparable magnitude to 
the expected warming in Switzerland by the end of the century (e.g., CH2011 
2011), making this research highly relevant in the context of climate change. 
 
Figure 1.5 (a) Picture of the Lötschental valley, facing the Langgletscher. (b) Environmental 
conditions like air temperature and relative humidity were monitored at each site. (c) Thermal 
dissipation sap flow probes were installed on multiple trees per site to measure the water 
transport through the stem. (d) Point dendrometers recorded high-resolution stem radial 
changes on the same trees where sap flow probes were installed. (e) Wood increment cores 
were collected for measuring ring width. (f) Thin sections were produced from wood increment 
cores for applying quantitative wood anatomy, determining lumen size and cell wall thickness. 
(g) Twigs were collected on a weekly basis for measuring leaf water potential.  
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1.8 Thesis outline 
Within this thesis I assess growth dynamics and tree hydraulics independently and 
integrate them into a mechanistic modelling framework. The first step when 
analysing tree-growth dynamics, is to assess how long-term growth variability 
within the Lötschental is affected by different climatic and non-climatic drivers. 
Using tree-ring width measurements, CHAPTER 2 of this thesis is dedicated to 
address climatic-growth relationships of the surveyed species compared to other 
drivers, such as insect outbreaks. For both species wood cores were sampled along 
the elevational gradient, and plots of a fixed size were sampled to upscale our 
measurements to forest biomass increment. 
After collecting growth information on an inter-annual scale, large amounts 
of wood anatomical data had to be processed for the analysis on intra-annual 
growth patterns. CHAPTER 3 describes algorithms that aid in the processing of 
image based wood anatomical measurements. The algorithms are tested on a 
multitude of different conifer species and able to automatically produce positional 
information, needed for generating tracheidograms which are valuable for linking 
anatomical measurements to xylogensis observations. 
Within CHAPTER 4 wood anatomical data is combined with xylogenesis 
observations collected along a ≈2000 m elevational gradient in Europe (including 
the Lötschental), to analyse cell enlargement and cell wall thickening processes 
against climatic conditions. This analysis includes 7 years of weekly cellular-
based monitoring of wood formation for L. decidua and P. abies coniferous 
species across an 8 °C thermal gradient. 
Besides analysing growth patterns, I critically evaluate the thermal 
dissipation method, which is used to measure sap flow, in CHAPTER 5. I quantify 
uncertainties generated by data-processing decisions on both sap flow data 
collected from the Lötschental and on datasets from across the Northern 
Hemisphere. Additionally, I perform a laboratory controlled calibration 
experiment to ensure the accuracy of our measurements. 
In CHAPTER 6, I use thermal dissipation probe measurements to inspect 
hydraulic functioning of L. decidua and P. abies along the elevational gradient. 
More specifically, I examine the within- and between-species responses of sap 
flow derived stomatal conductance to micrometeorological changes. By analysing 
the stomatal response to environmental conditions, I am able to simulate sap flow 
and detect differences in stomatal behaviour between species. 
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CHAPTER 7 combines the inter- and intra-annual growth data (from tree 
rings and xylogenesis oberservations) and the hydraulic data (from sap flow 
measurements) within an MWM. Per individual, time-series of over 50,000 
measurements are used to simulate hourly resolved growth dynamics (driven by 
turgor). First, we calibrate the model with weekly leaf water potential 
measurements to obtain hydraulic parameters and constrain the model. Second, I 
compare simulated turgor-driven growth to radial growth observations and assess 
models performance. The simulations are then used to analyse environmental 
conditions which are limiting turgor-driven growth. 
Finally, CHAPTER 8 provides a synthesis of the thesis. In this chapter I 
connect the main findings of each chapter and discuss their implications. 
Additionally, I provide an overview of critical development points and potential 
future research avenues. 
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Abstract 
Forest growth and biomass response to environmental change depends upon 
climatic, but also upon interactions with biotic drivers, such as insect outbreak 
activity. In this study we use tree-rings along a temperature gradient to assess the 
relative importance of climate versus altered larch budmoth (Zeiraphera diniana) 
outbreak cycles for forest biomass accumulation at high elevations. We 
established climate-growth relationships and performed outbreak-growth 
response analysis for >500 individuals from host (Larix decidua) and non-host 
trees (Picea abies) at different elevations (from 1300 to 2200 m a.s.l.) in the Swiss 
Alps. We quantified outbreak-induced reductions of absolute biomass increment 
and modelled effects of the recent absence of outbreaks. Our results reveal that 
average outbreaks reduced biomass accumulation by 1130 kg ha-1 y-1 during the 
four years after the event, having an equal or even greater impact on carbon 
sequestration than climate. Recent growth increases previously observed at the 
study sites are largely attributable to the outbreaks absence since 1981, suggesting 
that regular outbreaks have hampered host-trees from realising their growth 
potential for centuries. The presented impact analysis quantifies the importance 
of non-lethal insect activity on forest biomass dynamics, revealing the relevance 
of including such biotic drivers and their interactions with climate in models 
assessing the future productivity and carbon sink capacity of forests. 
2.1 Introduction 
Forest ecosystems are essential in regulating earth-atmosphere fluxes. By 
capturing on average ≈30% of anthropogenic CO2 emissions within woody 
biomass, forests play a key role in dampening global warming (Friedlingstein et 
al. 2010; Pan et al. 2011). Hence, it is of great interest to know how climate 
change will affect the distribution, composition, and productivity of forest 
ecosystems and consequently their carbon storage capacity (Frank et al. 2010; 
Kirtman et al. 2013; Reitalu et al. 2013). 
Forest inventory data, satellite imaging, and model simulations often show 
non-consistent patterns of forest net primary productivity and biomass responses 
to climate change (Fang et al. 2001; Nemani et al. 2003; Etzold et al. 2014; Wu 
et al. 2014). Some of this uncertainty is caused by challenges in adequately 
incorporating various drivers affecting forest productivity, including: 
management practises, forest age and structure (Lindner et al. 2010; Nabuurs et 
al. 2013; Pretzsch et al. 2014), nutrient and CO2 fertilization (Hyvönen et al. 
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2007), wind throws and wildfires (Seidl et al. 2011; Trotsiuk et al. 2016), and 
insect activity (Hicke et al. 2012; Klapwijk et al. 2013). This array of 
physiological, ecological, biogeographical, and environmental controls on tree 
growth generates uncertainty in predicting the future role of European forests as 
a carbon sink (Ciais et al. 2008; Nabuurs et al. 2013). 
Tree-ring investigations in European forests at high elevations have shown 
an increase in tree growth in the recent decades (Rolland et al. 1998; Büntgen et 
al. 2008). As tree growth at these locations is mainly limited by temperature 
(Büntgen et al. 2007; Babst et al. 2013), growth increases have usually been 
attributed to more favourable growing conditions due to the recent warming. Yet, 
detailed observations performed on high-elevation forests indicate that growth of 
Larix decidua trees has increased more than other species such as Picea abies 
(King et al. 2013a, b), questioning whether climate alone is responsible. 
The larch budmoth (Zeiraphera diniana Guénée) outbreaks play an 
important role in reducing growth of the host L. decidua across the European Alps 
(Baltensweiler et al. 2008; Konter et al. 2015). This insect has an annual life cycle, 
with its larvae hatching in spring and feeding on the new flushes of needles as 
well as producing masses of webbing, causing severe defoliation of its host up to 
3 years after an outbreak (Baltensweiler & Rubli 1999; Baltensweiler et al. 2008). 
The outbreaks occurred in more or less regular 9-year cycles over the past 
millennium, although they have not been observed after the 1980s (Esper et al. 
2007; Büntgen et al. 2009). This change in outbreak regime has been attributed to 
changes in forest structure and species composition (Battipaglia et al. 2014), 
changes in nitrogen, water, starch and sugar content of foliage (Turchin et al. 
2003; Asshoff & Hättenschwiler 2006), but also to increasing winter temperature 
(Kress et al. 2009; Johnson et al. 2010; Iyengar et al. 2016). This raises the 
question whether changing insect activity competes with the direct physiological 
effects of warming as a possible explanatory factor for the recent growth increase 
of L. decidua. 
To assess future productivity of high-elevation forests, we analyse; i) the 
relative contribution of climatic and biotic drivers on tree growth and ii) the 
absolute impact of larch budmoth outbreaks on aboveground biomass 
accumulation. To understand the interaction between climatic and biotic drivers, 
we take advantage of the well documented outbreak history (see Esper et al. 2007) 
and the potential for reconstructing aboveground biomass dynamics with tree 
rings (see Babst et al. 2014a). We sampled co-occurring populations of budmoth 
hosts (L. decidua) and non-hosts (Picea abies) species along a steep elevational 
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gradient, which show different climate sensitivities (Moser et al. 2010; King et 
al. 2013b). This dataset allows us to disentangle growth responses caused by 
insect outbreaks and climate variation. We assessed climate-growth relationships 
and performed outbreak-growth response analysis to model their impact and 
importance. The quantification of the relative contribution of climate and insect 
activity on biomass accumulation offers a unique opportunity to improve our 
understanding on the future fate of high-elevation forest productivity. 
2.2 Materials and methods 
Study area and sampling design 
Our study was conducted in the central Swiss Alps (Lötschental, 46°23′40″N 
7°45′35″E; Figure 2.1a), where the occurrence of budmoth outbreaks (≈9-year 
cycles; as explained by Turchin et al. 2003) has been documented over the past 
millennium until 1981 (Esper et al. 2007; Büntgen et al. 2009). The valley is 
characterised by steep slopes (>60%) and covered by coniferous forests 
comprised of Larix decidua Mill. (the host species) and Picea abies (L.) Karst 
(hence referred to as Larix and Picea). The mean annual temperature in the valley 
bottom is approximately 5 °C and mean annual precipitation exceeds 800 mm, 
where the growing season temperature from 1975-2009 showed a significant 
positive trend of 0.6 °C per decade (data from MeteoSwiss surface observation 
network; see King et al. 2013b). The mean annual temperature difference between 
the tree line and valley bottom is ≈2.5 °C (measured at ≈1300 and 2200 a.s.l. from 
2008 until 2015). 
 The study uses tree-ring measurements to construct a model of growth 
responses to both climate and larch budmoth outbreaks, and assess the 
development of biomass increment over time. For growth-response modelling, 
trees were randomly sampled at four elevations from the valley bottom to the 
upper tree line along both the north- and south-facing slopes near the town of 
Ferden (Figure 2.1a; at ≈1300 m, 1600 m, 1900 m, and 2200 m a.s.l.). In addition, 
we established three circular fixed plots (17 m radius) positioned at comparable 
elevations to address aboveground biomass increment (ABI), on the south- 
(Figure 2.1a; near Blatten, representative for the conditions at S22) and north-
facing slope (near N19 and N13). 
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Figure 2.1 (a) Map indicating the centre of the Lötschental sampling area and the distribution 
range of the studied species (source: EUFORGEN). The north- and south-facing slope are 
presented with an N and S, while the elevation is specified with the numbers (e.g., 22 indicated 
the site at ≈2200 m in elevation). Fixed plots are indicated with black dots, where the direction 
to the Blatten plot on the south-facing slope at 2200 m is provided. (b) Examples of the wood 
structure for both species. 
 
Tree sampling and ring-width measurements 
Between 2007 and 2014, we sampled 973 wood cores from 285 Larix and 228 
Picea trees (Table 2.1; Figure 2.1b). Along the two transects, trees larger than 10 
cm diameter at breast height (DBH, 1.3 m) were pseudo-randomly sampled (i.e., 
irrespective of size and social status). For each site, trees were selected along the 
same elevation and within a horizontal distance of approximately 500 m from the 
research sites described in King et al. (2013a). For the fixed plots, all trees with a 
DBH greater than 5.6 cm, including dead trees and stumps, were measured in 
order to capture the population characteristics (Babst et al. 2014a; Nehrbass-Ahles 
et al. 2014). For 57% of the sampled trees we measured DBH and height (using a 
Vertex, Haglöf Sweden), while maximum bark thickness at breast height on two 
opposing sides of the stem was measured on 24% of the trees. 
We used increment borers (Haglöf Sweden) to collect approximately two 
radial cores per tree stem at breast height and perpendicular to the slope to avoid 
reaction wood. Standard dendrochronological techniques were used to prepare, 
measure (see Schweingruber 1996; using either TSAP Rinntech Inc. or 
WinDENDRO Regent Instruments) and visually and statistically cross-date tree-
ring width series collected from the transects and fixed plots (see Figure S2.1; 
COFECHA Holmes 1983). 
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Table 2.1 Main characteristics of the species and elevation specific tree-ring chronologies. 
*Mean inter-series correlation and mean sensitivity as produced by the program COFECHA 
(Holmes 1983). **Expressed population signal calculated for the CD standardized individual 
series by the R package dplR (Bunn et al. 2008). 
Elevation 2200 1900 1600 1300 
Species 
Larix  
decidua 
Picea  
abies 
Larix 
decidua 
Picea  
abies 
Larix 
decidua 
Picea  
abies 
Larix 
decidua 
Individuals (radii) 101 (204) 118 (224) 72 (133) 67 (121) 77 (144) 43 (82) 35 (65) 
Time span 1515 - 2014 1683 - 2014 1693 - 2014 1657 - 2014 1629 - 2014 1825 - 2013 1795 - 2012 
Mean series length  
(min/max) 
225  
(25/497) 
127  
(19/331) 
185  
(23/322) 
137 
(25/358) 
128 
(19/379) 
123 
(22/187) 
130 
(55/213) 
Mean DBH  
(min/max) 
43.34 
(13.4/76.7) 
37.68 
(5.8/74.0) 
50.72 
(8.4/80.4) 
42.25 
(16.4/79.5) 
45.81 
(11.5/85.4) 
47.24 
(14.0/92.0) 
48.81 
(17.6/76.6) 
Mean age  
(min/max) 
257 
(26/551) 
144 
(20/331) 
213 
(24/326) 
168 
(31/461) 
149 
(24/379) 
140 
(22/187) 
142 
(68/213) 
Mean inter-series 
correlation* 
0.60 0.59 0.66 0.49 0.61 0.54 0.54 
Mean sensitivity* 0.35 0.18 0.30 0.17 0.25 0.19 0.27 
Mean EPS  
(1850-2011)** 
0.98 0.96 0.99 0.92 0.98 0.90 0.91 
Aboveground biomass assessment 
The annual ABI was calculated for the fixed plots by using species and region 
specific volume and mass allometric relationships, as applied by the Swiss 
national forest inventory (NFI data; Brassel & Lischke 2001) and DBH-height 
and -bark thickness relationships established per elevation with measured data 
(Figure S2.2). Aboveground wood volume was calculated according to allometric 
equations (Etzold et al. 2014) that were simplified based on Kaufmann (2001) to 
require only DBH and height as input variables (instead of the additional diameter 
at 7 m height) by summing stem (Vstem), branches (Vbranch) and twigs (Vtwig) 
volume: 
Larix 
𝑉𝑠𝑡𝑒𝑚 =  0.042 + 0.372 ∙ ℎ𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻
2 − 0.027 ∙ ℎ𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻3        (Eq. 1) 
𝑉𝑏𝑟𝑎𝑛𝑐ℎ = 𝑉𝑠𝑡𝑒𝑚 ∙ 𝑒
(−1.934 − 0.017 ∙ 𝐷𝐵𝐻) (1⁄ + 𝑒(−1.934 −0.017 ∙ 𝐷𝐵𝐻))            (Eq. 2) 
𝑉𝑡𝑤𝑖𝑔 =  𝑉𝑠𝑡𝑒𝑚 ∙ 𝑒
(−4.940 + 0.062 ∙ 𝐷𝐵𝐻) (1⁄ + 𝑒(−4.940 + 0.062 ∙ 𝐷𝐵𝐻))               (Eq. 3) 
Picea  
𝑉𝑠𝑡𝑒𝑚 =  0.017 + 0.417 ∙ ℎ𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻
2 − 0.083 ∙ ℎ𝑒𝑖𝑔ℎ𝑡 ∙ 𝐷𝐵𝐻3       (Eq. 4) 
𝑉𝑡𝑤𝑖𝑔 =  𝑉𝑠𝑡𝑒𝑚 ∙ 𝑒
(−1.206 − 0.019 ∙ 𝐷𝐵𝐻) 1⁄ + 𝑒(−1.206 − 0.019 ∙ 𝐷𝐵𝐻)                  (Eq. 5) 
Picea does not have an equation for branch volume, as the definition 
requires branches to be >7 cm in diameter, otherwise they are classified as twigs. 
DBH was reconstructed using the cumulative radial tree-ring increment following 
Bakker (2005), including pith-offset estimates using the curvature of the last ring 
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(the concentric circles method, as described in Pirie et al. 2015). If the curvature 
was not visible, DBH excluding bark was used to estimate the missing distance. 
We used wood density values of 500 g/cm3 for larch and 390 g/cm3 for spruce to 
convert wood volume to biomass (Brändli 2010). Plot level ABI was derived from 
the sum of tree-growth increment of all individuals in the fixed plot and scaled up 
to kg ha-1. For the analysis of the stand biomass accumulation and stand density 
developments we only considered the last ≈50 years of the reconstructed ABI, as 
we confirm no human intervention during this period. To address the absolute 
effect of outbreak absence we compared the mean ABI for the fixed plots over the 
periods 1961-1980 with outbreaks and 1990-2009 without outbreaks. We chose 
the 1990-2009 period to reduce the effect of the last budmoth outbreak of 1981 
on growth and compared it to a period of equal length. 
Growth-response modelling 
We constructed elevation specific chronologies combining the north- and south-
facing slope to perform growth-response modelling and disentangle the 
importance of climatic variables and budmoth outbreaks. We applied multiple 
detrending methods, including; regional curve standardization (RCS), basal area 
correction (BAC) and conservative detrending (CD), to verify that biases related 
to age/size removal were not artificially altering the tree-ring indices (Briffa & 
Melvin 2011; Bowman et al. 2013; Peters et al. 2015; Groenendijk et al. 2015). 
Detrending was performed using the dplR package in R (Bunn 2008; R software, 
version 3.2.00, R development core team 2013). 
Due to prominent rapid increases in growth indices in RCS and BAC 
chronologies at 1300 and 1600 m, which might be caused by replication changes 
of fast and slow-growing trees (Figure S2.3), we decided to use the more 
conservative tree-specific detrending with linear or negative exponential curves 
(CD) to account for tree age/size effects and also correct for differences in growth 
level. A bi-weight robust mean chronology was constructed, including the 
stabilization of variance to minimize artefacts from changes in sample replication 
(Osborn et al. 1997; Frank et al. 2007). To further minimize the effect of possibly 
retained release effects and canopy dynamics on trends in tree-growth that might 
affect the climate-growth relationship in the CD time-series, we isolated the high-
frequency signal of these chronologies by detrending the series with a cubic 
smoothing spline, with a 50% frequency cut-off at 10 years (henceforth spline-
detrended; see Cook & Peters 1981). 
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We constructed tree-ring chronologies with an average of 73 individuals 
per elevation and species (total of 513). Sample replication ranged from 35 to 118 
individual trees and was greater at higher elevations (Table 2.1). We found strong 
common signals between individuals from the same species and elevation, with a 
mean inter-series correlation ranging from 0.49 to 0.67. The final chronologies 
had at least 10 trees covering a period from 1850 till 2011 (Figure S2.1). 
Climate-growth response analysis 
Climatic datasets were obtained by interpolating daily values of MeteoSwiss 
weather stations from 1930 to 2011 down to a resolution of 100 m and then 
aggregating them into monthly mean time-series (Thornton et al. 1997). To extend 
the downscaled MeteoSwiss data back to 1850, we adjusted the mean and variance 
of an additional climate dataset (HISTALP; Auer et al. 2007) to the elevation 
specific time-series. For temperature, anomalies were calculated by subtracting 
the long-term (1930-2008) monthly means from the entire HISTALP time-series, 
while relative anomalies were calculated for precipitation (1930-2003, observed 
precipitation divided by monthly means). These anomalies were added to (or 
multiplied with, in the case of precipitation) the MeteoSwiss baseline climatology. 
To test the short-term inter-annual climate signal of the spline-detrended 
chronologies we also spline-detrended the climate time-series, to ensure similarity 
in their frequency domains. Pearson correlations were performed over the 1850-
2011 period after confirming normality of the residuals. We included seasonal 
climate aggregates from 1 to 12 months (from January prior to the growth year to 
current October). The climate correlation analysis for Larix was performed by 
excluding the years influenced by the budmoth, i.e., the outbreak years and the 
two subsequent years (≈1/3 of the data, leaving ≈110 years for the analysis). As 
outbreak events, we used the years reported in Esper et al. (2007), who 
reconstructed the outbreak history for the Lötschental based on ring width, wood 
anatomical and density observations from tree rings. The outbreak years were 
visually validated on our sampled material by observing narrow ring widths and 
thin latewood. 
Subsequently, the three-month aggregation of climate (as it supplied the 
strongest and most consistent correlations) was used within a stepwise multiple 
regression using forward/backward elimination to identify the most important 
climatic drivers (see Venables and Ripley 2002). This selection process starts by 
including the predictor (i.e., the three month climate aggregate) with the highest 
goodness of fit and adds predictors, at each step considering whether the criterion 
(based on goodness of fit and model complexity) improves by removing a 
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previously added variable or keeping both previously selected and added 
variables. For the multiple regression analysis, we used the spline-detrended ring-
width chronologies and 10-year spline-detrended climate data. We accounted for 
outbreaks by including an average growth response curve after an outbreak (see 
next paragraph) or excluding outbreak years and the two years after outbreak. 
Multiple regressions were performed using the R Commander package (Rcmdr; 
Hutcheson 2012). The final model variables were chosen based on Bayesian 
Information Criterion (BIC), as it appeared to be more conservative in selecting 
independent variables (Burnham & Anderson 2003). We addressed 
multicollinearity by excluding models with variance inflation factors larger than 
10 (see Graham 2003; Chatterjee et al. 2012). With the individual seasonal 
climate correlations and the multiple regression analysis, we established a 
common set of climate variables relevant across the gradient. 
Outbreak-growth response analysis 
To model and verify the impact of the budmoth outbreaks on Larix tree growth, 
we performed an outbreak-growth response analysis. We aligned the CD 
individual specific tree-ring series to year since outbreak and divided the post-
outbreak annual ring-width indices by the growth level of the 5 years prior to the 
outbreak, to reduce overlap with the effect from the previous outbreak cycle 
(occurring every ≈9 years). We calculated median outbreak-growth responses per 
site and years since outbreak and applied a smoothing (cubic smoothing spline 
with a 50% frequency cut-off at 10 years) to reduce climatically induced inter-
annual variability in the response curves. We chose the cut-off at 10 years, as this 
spline rigidity resulted in a good fit of the raw median curve. For the final response 
curves, the original first four values after outbreak were used, after which we 
added the smoothed values until 13 years after outbreak (with values thereafter 
replaced by the value of year 13, due to data scarcity and the possible confounding 
climate effect of the post 1980 period). Within this analysis, we included 13 events 
(see Baltensweiler and Rubli 1999; Esper et al. 2007): 1856, 1864, 1880, 1888, 
1908, 1915, 1923, 1937, 1945, 1954, 1963, 1972 and 1981 with an exception at 
1300 m elevation, where our tree-ring data did not show signs of outbreaks prior 
to 1930. 
Quantifying growth benefit of outbreak absence 
Additive linear models (see Chambers 1992) were constructed in R to quantify 
the importance of climatic variables and budmoth activity on tree-growth variance 
within the chronologies. These growth-response models allowed for the 
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simulation of the impact of only climate, only outbreaks, and of both the 
components as determined from the previous climate and outbreak response 
assessments. In addition to using climatic parameters, we also simulated Larix 
growth as a function of the Picea growth (i.e., the non-host tree) with our budmoth 
response curves (see Table S2.1). 
When including the outbreak components for the Larix data, we tested 
multiple response curves (Table S2.2) and finally used the elevation specific 
response curves. After fitting the model on the 1850-1981 period, a simulation 
was run until 2011, with and without continued outbreaks every 9 years. This 
simulation was used to quantify the growth “benefit” due to the absence of 
outbreaks as the mean percentage differences of the values obtained for the period 
1990-2011 between the continued outbreak and the original model. Similarly, the 
unexplained growth change was quantified as the average percentage difference 
between the observed chronology and the fitted model. 
2.3 Results 
Aboveground biomass increment 
We assessed long-term changes in aboveground biomass increment (ABI) for the 
fixed plots (Table 2.2). The plot at 1300 m was younger than the other plots and 
reached an average tree age of 150 at the year 2000. Stand density at this plot, as 
reconstructed from the live trees per year from the ring-width measurements 
(Figure 2.2), decreased between the early 20th century and 2011 from 550 to 420 
trees ha-1. However, we observed constantly increasing ABI from 1901 (decadal 
mean: 2716±279 kg ha-1 y-1) to 1980 and a levelling off afterwards (mean: 
6205±820 kg ha-1 y-1). After the last reported outbreak in 1981, the plots at 1900 
m and 2200 m showed a strong increase in mean ABI (Figure 2.3a), 
predominantly caused by increased growth of Larix (Figure 2.3b). Between 1950 
and 1980 the ABI rates were relatively stable at high elevations, with 2291±476 
kg ha-1 y-1 at 1900 m; and 1632±518 kg ha-1 y-1 at 2200 m (Figure 2.2). Until 1960, 
stand density was stable at both sites with mean tree ages above 150 years, after 
which a strong Picea recruitment occurred at 1900 m, causing an increase in stand 
density (Figure 2.2). 
The three budmoth outbreaks in 1954, 1963, and 1972 had a dramatic 
impact on ABI for all three plots (Figure 2.2). Taking into account the standard 
deviations (sd) of the five years prior to the outbreak as a measure of regular inter-
annual variability, the 1972 outbreak caused a >2 sd growth decrease in the 4 
following years at 1300 m (where the stand basal area consists of 50% spruce and 
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50% larch), reducing ABI to 4347-4908 kg ha-1 (compared to the pre-outbreak 
mean of 6491 kg ha-1). In 1963, growth reduction exceeded the 2 sd threshold 
during the first three years after the outbreak (1100-2000 kg ha-1), whereas in 1954 
a strong negative impact (2.5 sd or 980 kg ha-1) was restricted to the first year after 
the outbreak. Negative impacts on ABI could be observed at 1900 m, where in 
1972 and 1963 growth was reduced by 1100 kg ha-1 (mean sd= 485 kg ha-1) in the 
3 years following the outbreak. The budmoth outbreak of 1963 caused a 3.5 sd 
departure at 2200 m, reducing the ABI from 2613 kg ha-1 to 1018 kg ha-1. The 
other two outbreaks also reduced growth in the year of outbreak until at least the 
second year following the outbreak by 1000-1600 kg ha-1, which is equivalent to 
2-3.5 sd (mean sd= 476 kg ha-1). 
Table 2.2 Characteristics of the fixed plots. 
Site 
code 
Coordinates 
°N 
Coordinates 
°E 
Plot 
radius 
(m) 
Plot 
size 
(m2) 
Basal  
area  
(m2 ha-1) 
Stem 
density 
(trees ha-1) 
Dominant 
species # 1 
(%) 
Dominant 
species # 2 
(%) 
N13 46.39022 7.76325 17.0 907.92 76.70 420 Larix decidua 
(52) 
Picea abies 
(48) 
N19 46.38631 7.77371 17.0 907.92 47.27 540 Larix decidua 
(66) 
Picea abies 
(34) 
BLA 46.428609 7.823441 16.5 855.30 56.74 420 Larix decidua 
(87) 
Picea abies 
(13) 
 
Figure 2.2 Stand level aboveground biomass increment for (a) the two high elevation plots at 
N19 (full lines) and Blatten (dashed lines) and (b) the low elevation plot N13. The panels below 
represent reconstructed stand density (mid panel) and stand age (lower panel). Stand age is 
defined as the mean age of all trees at a given year. Note the different y-axes in (a) and (b). The 
vertical dashed lines denote the reported budmoth outbreaks from the literature. 
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Figure 2.3 Mean aboveground biomass increments (ABI) for the fixed plots over the periods 
1961-1980 with outbreak and 1990-2009 without outbreaks for both species together and b) 
separated. 
Climate-growth response 
Correlations between growth and temperature were stronger than precipitation 
(strongest r= -0.582, p <0.001 for previous year July-September temperature; and 
0.441, p <0.001 for previous year July-September precipitation; Figure 2.4). 
High-elevation Larix growth was positively correlated with current year June-
August temperature (2200 m: r= 0.413, p <0.001; 1900 m: r= 0.290, p <0.001). 
Towards the lower elevations, summer temperature correlations decreased 
notably and even became negative. Additionally, Larix showed to be responsive 
to previous year September-November temperature (mean r= 0.227, p <0.05). For 
Picea we found strong negative correlations with previous year July-September 
temperature (average across elevations r= -0.486, p <0.001). We also observed a 
strong positive relationship with previous year July-September precipitation 
across elevations (mean r= 0.306, p <0.01), although this variable is negatively 
collinear with temperature of the same period. 
 Climate variables selected according to the BIC (Table 2.3) within the 
multiple regression analysis were similar to the strongest correlations described 
above (Figure 2.4). Considering the common response across elevations, we 
selected for Larix current year June-August and previous year September-
November temperature, and current year June-August precipitation. For Picea, 
previous year July-September and current year May-July temperature, and 
previous year October-December and current year May-July precipitation were 
selected. However, discrepancies are observed for Picea where previous year 
October-December precipitation was selected instead of previous year July-
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September (Figure 2.4), which is likely due to co-linearity with temperature. 
Additionally, temperature of current year May-July was selected instead of 
current year June-August. 
 
Figure 2.4 Pearson correlation coefficients (r) of chronologies along different elevations of 
Picea (P) and Larix (L) with temperature and precipitation. A three-month moving window was 
used, with monthly labels indicating the last month of the window. Lowercase month 
abbreviations represent previous year correlations with climate, while uppercase represents the 
current year. Black boxes indicate the windows selected as common climatic drivers along the 
elevational gradient, according to the multiple regression analysis. 
Table 2.3 Selected climatic variables based on the forward/backward multiple regression 
analysis. Three-month average climate data was correlated with the elevation-specific 
chronologies of Picea and Larix. Outbreaks were included into the analysis by either removing 
the outbreak year and subsequent two years after outbreak or using an average negative growth 
response curve after an outbreak. For the three-month average, the last month is presented. 
Commonly occurring climatic variables where selected. *Selected climate variables and 
#highly overlapping with selected month in the final model. 
Species Outbreak Elev. 
(m) 
Selected variable (slope) 
Picea abies None 
1300 
Int.  
(0.92) 
Tsep  
(-0.04)* 
Pdec  
(0.05)* 
PJUL  
(0.09)* 
Tmar  
(-0.01) 
TJAN  
(0.02) 
POCT  
(-0.05) 
 
1600 
Int.  
(0.88) 
Tsep  
(-0.04)* 
Pdec  
(0.05)* 
TJAN  
(0.01) 
TJUL 
(0.02)* 
PJUL  
(0.08)* 
POCT  
(-0.04) 
PAPR  
(0.04) 
1900 
Int.  
(0.81) 
Tsep  
(-0.05)* 
TJUL 
(0.04)* 
Tdec  
(0.02) 
PMAY  
(0.04) 
Poct 
(0.06) 
PJUL  
(0.06)* 
PFEB  
(0.03) 
Larix decidua 
Removing 
up to two 
years after 
outbreak 
1300 
Int.  
(0.91) 
Tnov  
(0.03)* 
PJUL  
(0.11)# 
    
 
1600 
Int.  
(1.12) 
Tnov  
(0.03)* 
TSEP  
(0.04) 
Psep  
(-0.09) 
   
 
1900 
Int.  
(1.05) 
TAUG 
(0.07)* 
Tnov  
(0.04)* 
TAPR  
(-0.02) 
   
 
2200 
Int.  
(0.95) 
TAUG 
(0.10)* 
Tnov  
(0.04)* 
TAPR  
(-0.03) 
PMAR 
(0.078) 
TNOV  
(-0.03) 
 
 
Including 
negative 
outbreak 
response 
curves 
1300 
Int.  
(0.71) 
Outbreak  
(0.24) 
PAUG  
(0.13)* 
Toct  
(0.03) # 
   
 
1600 
Int.  
(0.43) 
Outbreak  
(0.63) 
Toct  
(0.04) # 
    
 
1900 
Int.  
(0.28) 
Outbreak  
(0.79) 
Tnov  
(0.05)* 
Tmar  
(0.03) 
   
 
2200 
Int.  
(0.54) 
TAUG  
(0.13)* 
Tnov  
(0.05)* 
Outbreak  
(0.43) 
TAPR  
(-0.03) 
TSEP  
(-0.05) 
PFEB 
(0.07) 
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Budmoth impact analysis 
Larix growth decreased on average by 19% for eight years following a budmoth 
event compared to ring-width index (RWI) of the five years prior to outbreak 
(Figure 2.5). When considering the biomass growth of a 150-year old Larix tree 
within the valley, this would result in an annual reduction of 1.6 kg ABI. We 
observed the strongest growth reductions in the first year after an outbreak 
followed by the second and third year (42%, 29% and 22% in RWI, respectively). 
Typically, it took eight years for the RWI to return to the pre-outbreak levels. 
Site-specific impacts of budmoth outbreaks revealed strongest growth 
reductions at 1900 m (57% relative growth change in the first year following the 
outbreak), followed by trees at 1600 m. Outbreak events in 1854 and 1964 caused 
Larix trees at 1900 to experience the biggest decrease in growth. Outbreaks at 
2200 m usually reduced growth less than at other sites, although often causing 
significant impacts at year 0 (23%; Figure 2.5). At 1300 m, growth recovery in 
the second year after outbreak was highly dampened compared to other sites, with 
similar growth levels as for the year following the outbreak. 
 
Figure 2.5 Mean impact of budmoth outbreaks occurring between 1850 and 1980 on annual 
growth of Larix and Picea derived from ring-width indices. Relative growth increment is 
defined as the current growth divided by the mean growth of 5 years prior to the outbreak. To 
provide an indication on the reduction magnitude, the relative growth changed was multiplied 
with the mean biomass increment of a 150 year old Larix tree from the fixed plots (as Picea 
does not show a response). 
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Modelling growth responses 
When considering only climatic variables, the best model fits were found for 
Picea at 1900 m and Larix at 2200 m (R2= 0.21 and 0.25, respectively; see Table 
2.4 for slopes and residual standard errors). The explained variance in the models 
strongly decreased towards lower elevations (R2= 0.03 obtained for Larix at 1300 
m; Table 2.4). In the most recent years (>1990), the model underestimated Picea 
growth at 1600 and 1900 m on average by 7%, when comparing the difference 
between the model including only climatic parameters and tree-ring chronologies 
(Figure 2.6). At 1900 m, the underestimation of Larix growth was even larger and 
reached 24% (Table 2.4). 
 
Table 2.4 Model fits for Picea and Larix chronologies along different elevations. Three month 
average climate variables for precipitation (P) and temperature (T) from previous and current 
year (capital letters) are presented (last month is shown). Three different types of scenarios are 
included; climatic variables alone, climate in combination with outbreak response curves and 
outbreak response curves alone. Budmoth absence growth change describes the average annual 
percentage of modelled ring width index gained compared to the model where outbreaks would 
have continued with a 9-year frequency from 1990 onwards. Unexplained growth change is the 
average annual percentage growth increase of observed ring width indices over the modelled 
Larix series without outbreaks. For Picea this value reflects the average annual percentage 
difference between observation and climate model. Significance codes: p >0.001= **, 0.001< 
p >0.05= *, 0.05< p >0.1= .. 
Species Scenario Elevation 
(m) 
Variables (slope) Residual 
standard 
error 
Adjusted 
R2 
 
Budmoth 
absence 
growth 
change 
(%) 
Unexplained 
growth 
change (%) 
Intercept Tsep Pdec TJUL PJUL 
Picea 
abies 
Climate 
1300 1.30** -0.0344* 0.0002 -0.0060 0.0005* 0.134 0.11** - -2.45 
1600 0.89** -0.0378** 0.0002* 0.0299* 0.0005** 0.115 0.18** - 7.63 
1900 1.07** -0.0515** -2.48E-06 0.0441** 0.0002 0.101 0.21** - 6.40 
 Intercept TAUG Tnov PAUG Outbreak   
Larix 
decidua 
Climate 
1300 0.59* 0.0099 0.0196 0.0005* - 0.158 0.03. - 0.27 
1600 -0.48 0.1122** 0.0278 0.0003 - 0.247 0.14** - 15.16 
1900 -0.88* 0.1664** 0.0501* 0.0004 - 0.283 0.24** - 23.67 
2200 -0.22 0.1311** 0.0364* 0.0002 - 0.221 0.25** - 9.16 
Climate 
+ 
Outbreak 
1300 0.42. -0.0041 0.0187 0.0005* 0.3761** 0.151 0.11** 19.32 -14.29 
1600 -0.51* 0.0512* 0.0168 0.0002 0.8534** 0.190 0.49** 23.44 6.60 
1900 -0.81** 0.0841** 0.0314* 0.0003 0.9087** 0.187 0.67** 28.91 19.49 
2200 -0.56* 0.0835** 0.0246. 0.0002 0.8191** 0.180 0.50** 18.83 0.43 
Outbreak 
1300 0.62** - - - 0.3623** 0.154 0.08** 18.17 -9.76 
1600 0.14. - - - 0.9349** 0.194 0.47** 25.13 11.40 
1900 0.08 - - - 1.0248** 0.202 0.61** 31.19 25.43 
2200 0.06 - - - 0.9921** 0.195 0.41** 22.49 10.44 
 
Accounting for outbreaks greatly increased the explained variance of the 
model fit for Larix (Table 2.4). Average R2 improved from 0.17 to 0.44 when 
comparing the climate and outbreaks scenarios versus climate alone. The smallest 
model improvement was observed at 1300 m (Table 2.4), while at 1900 m the best 
fit was found for the scenario that included outbreaks and climate (R2= 0.67). 
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Including budmoth outbreaks in the models also increased the ability to 
explain the growth increase in the most recent decades (1990 to 2011; see Table 
2.4 and Figure 2.3b). When simulating continued budmoth outbreaks across 
elevations, 23% of the recent growth increase could be explained (Figure 2.6). We 
observed the strongest growth benefit from the absence of outbreak at 1900 m, 
where the continued outbreaks are modelled to reduce growth by 29% (Table 2.4). 
For 2200 m, unexplained growth was reduced from 9.2% to 0.4% when including 
estimates for the recent outbreak absence, although this model started to 
overestimate growth at lowest elevations (overestimation of growth increase by 
14%; Table 2.4). 
2.4 Discussion 
Importance of climate vs. outbreaks and its variation along elevation 
In this study we analysed the relative importance of climate and non-lethal insect 
outbreaks on tree growth and their impact on forest biomass accumulation. To the 
best of our knowledge, no other study has provided empirical data on the above-
ground biomass reduction caused by budmoth outbreaks during the past century, 
the relative importance of climatic versus biotic drivers, and the possible 
beneficial effects due to the absence of outbreaks in recent decades. 
  Our tree-growth model, which includes climate and outbreak responses, 
was able to explain up to 67% of the observed inter-annual growth patterns of 
high elevation Larix decidua. The model performed best at 1900 m elevation, 
while showing weak performance at the lowest elevation (1300 m; Table 2.4). 
Climatic drivers in the growth model alone at best explained 21% and 25% of 
growth variability for Picea abies at 1900 m and Larix at 2200 m respectively. 
The strong positive responses to summer temperature at higher elevations match 
previous observations for these species (Frank & Esper 2005; King et al. 2013b; 
Hartl-Meier et al. 2014), and agree with findings showing the sensitivity of high-
elevation trees growing at mesic sites to increasing temperatures (Jacoby et al. 
1996; Körner and Paulsen 2004; Bunn et al. 2005; Salzer et al. 2009, Babst et al. 
2013). At the same time, negative correlations with summer temperature at 1300 
m (Figure 2.4) support findings of greater drought sensitivity for forests at sites 
with higher mean annual temperatures (Barber et al. 2000; Gómez-Guerrero et al. 
2013; Galván et al. 2015; Qi et al. 2015), although the magnitude will depend 
upon species-specific responses (Babst et al. 2013). 
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Figure 2.6 Modelled ring width index compared to the chronologies from Picea and Larix 
along the elevational gradient. For Picea only climatic drivers are included, while for Larix the 
outbreaks are added and simulated to continue after 1981 (see Table 2.4 for more model fitting 
statistics). 
Growth response to the reported budmoth outbreak years (see Esper et al. 
2007) explained 39% of the observed Larix growth variability across elevations 
(Table 2.4), which is twice the variance explained by climate. Larix at 1300 m did 
not show evidence of outbreaks prior to 1930 and displayed a delayed response to 
outbreaks (Figure 2.5). This absence could be explained by the more intense land-
use at lower elevations during this period, which reduced host abundance, 
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connectivity between forest stands, and subsequently the outbreak intensity 
(Johnson et al. 2004; Battipaglia et al. 2014; Hartl-Meier et al. 2017). We 
hypothesize that the delay in response may be a result from the fact that a large 
part of the ring had already been formed before the outbreak, or that the insect 
activity and outbreak intensity can be different at lower elevations. Larix at 2200 
m appeared to be least impacted by the outbreaks and recovered relatively quickly 
(Figure 2.5), while trees at 1900 m suffered most from the impact. Our 
observations for strongest outbreak effects at 1900 m and the decreasing impact 
towards both upper and lower elevations confirm previous reports indicating that 
the optimal outbreak conditions are present at an elevation of 1700-2000 m 
(Baltensweiler & Rubli 1999). 
Consequences due to the absence of outbreaks 
Both Larix and Picea showed increased growth rates at higher elevations (>1600 
m) in recent times. Yet, recent growth increase of Larix since 1981 cannot be 
explained solely by climatic variables (Table 2.4), but rather, can be largely 
attributed to the absence of budmoth outbreaks (Figure 2.6). Additionally, our 
outbreak-growth response analysis showed that periods of outbreak absence 
longer than eight years result in higher growth compared to the years prior to 
outbreak (Figure 2.5). Thus, model simulations suggest that the growth of Larix 
might even over-proportionally benefit from the recent absence of insect 
outbreaks, as past absence periods could not explain the recent increase. When 
simulating continued outbreaks after 1980 we found strongest benefits from 
budmoth absence especially at 1900 m (Table 2.4). 
When comparing tree-ring width indices from 1990-2011 to the modelled 
indices including outbreaks, it becomes evident that at intermediate elevations 
simulations underestimated the growth release that occurred in absence of 
budmoth outbreaks (Table 2.4). This is most prominent for Larix at 1900 m, where 
the model underestimates growth on average by 23.67% per year, compared to 
only 6.4% annual offset for Picea. We obtained similar underestimations when 
modelling Larix growth based on a non-host species (Picea) and outbreaks (Table 
S2.1 and S2.2), which does not require the selection of climatic variables (possibly 
prone to uncertainties and overfitting). However, considering the amount of the 
models’ unexplained deviations throughout the past ≈150 years, the observed 
underestimation of recent increased Larix growth is not exceptional (Figure 2.6). 
We cannot exclude that other drivers might be responsible for the 
unexplained deviances, such as management activities, successional processes 
(e.g., natural thinning and mortality events) or non-linear climate responses. Yet, 
Biomass accumulation in high-elevation forests 
45 
 
at 1900 m and 2200 m there was little evidence for management in the recent 
decades, which could have positively influenced remaining trees. Furthermore, 
the outermost years of dead trees could be dated back to the 1930s, which would 
speak against missed successional processes at these two sites. However, effects 
from increasing nitrogen deposition or higher CO2 concentrations cannot be easily 
excluded (Paulsen et al. 2000; Huang et al. 2007; Camarero et al. 2015) or 
invoked to explain the growth increase (Girardin et al. 2008). Alternatively, our 
outbreak response curve might still not capture the true magnitude of increase 
growth responses. The fact that the response curves were established with site-
specific chronologies renders this variable not fully independent (Table 2.4). 
Furthermore, the absence of outbreak events in three decades represents an 
unprecedented state for the past millennium (Esper et al. 2007), which is not 
included in our empirical outbreak response estimates. 
A defoliation experiment performed on Larix in the Central Alps showed 
the impact of defoliation on non-structural carbon storage and its carbon limitation 
(Handa et al. 2005), pointing to the mechanistic explanation that carbon available 
for radial growth was limited. Although more attention should be given to this 
mechanistic explanation, our results clearly show that the regular 9-year outbreak 
cycle prevented Larix from fully realizing its growth potential. 
Implications for forest biomass accumulation 
Our quantifications of the aboveground biomass increment (ABI) show that either 
the presence or absence of budmoth outbreaks has large consequences for forest 
biomass accumulation and carbon storage potential (Figure 2.3). On average, 
budmoth outbreaks reduce tree individual ABI in the year subsequent to the 
outbreak by 58% in comparison to the 5-year average growth prior to outbreak. 
Most severe growth reductions could be as high as 80%, found for outbreaks at 
1600 m in 1908 and 1954. 
In terms of aboveground biomass, the three outbreak events occurring 
between 1950 and 1980 induced an average reduction in ABI of ≈770 and ≈1130 
kg ha-1 y-1 in year 0-4 after the outbreak at 1900 and 2200 m and ≈300 kg ha-1 y-1 
at 1300 m. Of the strong post-1980 increase at 1900 m, we can attribute a 
maximum of 770 kg ha-1 y-1 to the absence of outbreaks (from a total increase of 
1800 kg ha-1 y-1; Figure 2.2a). Here we assume that the absence of outbreaks 
explains roughly 60% of the observed increase of Larix growth (Table 2.4). 
Similarly, we observed a twofold ABI increase at 2200 m (from 1500 to 3210 kg 
ha-1 y-1; Figure 2.3a) that is largely caused by Larix and the absence of outbreaks 
(1420 of 1710 kg; Figure 2.3b). 
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It is remarkable that despite large differences in age structure, stand density 
and recruitment, we observed nearly identical long-term trends in ABI over the 
last century at 1900 and 2200 m. However, one should be cautious when 
attributing the increase in plot level ABI to climate drivers or budmoth outbreak 
dynamics, as we are aware that stand development and management cause a 
constant loss of signal back in time (i.e., the “fading-record” problem; see 
Swetnam et al. 1999; Foster et al. 2014). We want to stress that within the context 
of forest biomass increment, changes in forest structure, stand dynamics, 
distribution, and tree growth should not be overlooked when analysing long-term 
biomass changes (Etzold et al. 2014; Pretzsch et al. 2014; Hansen et al. 2015). 
Therefore, especially for forests at 1300 m, we refrain from attributing the long-
term increase in plot level ABI to climate drivers or budmoth outbreak dynamics. 
Interestingly, plot level ABI at 1300 m shows a quick recovery following 
the outbreaks to pre-outbreak level, which could either be due to high 
carbohydrate reserves or due to a larger fraction of spruce (≈50% of the standing 
biomass in 2011; see Table 2.2) and favourable growing conditions in the years 
after the outbreaks. In the light of weak negative tree growth-summer temperature 
relationships, recent warmer temperatures might have partially counteracted the 
growth benefits expected due to lack of recent budmoth outbreaks. However, it 
becomes obvious from Figure 2.3b that Larix growth still increased in the 1990-
2009 period, thus counterbalancing the slower growth of Picea. 
In this study we analysed the impact of a reduced outbreak frequency, 
however globally many phytophagous insects show increased activity associated 
with shifts in distribution range (Battisti 2008; Axelson et al. 2015), improved 
breeding and growing conditions (Battisti et al. 2000; Pasztor et al. 2014), and 
increased frequencies and magnitude of outbreaks (Creeden et al. 2014). 
Although there is a lack of similar tree-ring data or biomass quantification to 
directly compare our values, multiple studies support the relevance of insect 
outbreaks for tree growth and forest productivity (Kurz et al. 2008; Medvigy et 
al. 2012; Moore et al. 2013). Aerial images for North-America provide evidence 
for large areas being affected by major forest insect species (Hicke et al. 2012). 
Also, eddy covariance flux tower on multiple forest sites in New Jersey (USA) 
revealed strong reductions in net annual CO2 exchange changes due to gypsy moth 
(Lymantria dispar L.) defoliation, although wood increment only decreased 
slightly (Clark et al. 2010). Although our study focusses on the Lötschental, Larix 
is an abundant species in high-elevation forests across the European Alps 
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(EUFORGEN), indicating that these forests might increase their carbon sink 
relevance with persistent absence of budmoth outbreaks. 
Tree rings have a huge potential in both reconstructing ABI (Babst et al. 
2014b; Klesse et al. 2016) as well as assessing the absolute impact of insect 
outbreaks on ABI. As non-lethal disturbances, such as the larch budmoth 
outbreaks, are rather under-represented in current ecological models (Seidl et al. 
2011), our study provides valuable input for modelling budmoth induced growth 
reductions. Further tree-ring investigations, from other sites and species that 
contain necessary structural data (stand density, tree size and height), will 
contribute to better understanding the importance of insect outbreaks and their 
absence on the carbon source or sink function of forests in the future (e.g., Bale 
et al. 2002; McMahon et al. 2010; Medvigi et al. 2012). 
Conclusion 
Our study provides data on the relative importance of insect outbreaks compared 
to climate variation on Larix growth. Both Picea and Larix at high elevations 
show positive growth responses to increasing temperature. However, our 
simulations show that the recent absence of budmoth outbreaks is crucial to 
explain the strong growth increase for Larix at higher elevations, far beyond what 
can be explained by climate alone. Additionally, the different magnitude of 
growth responses to insect outbreaks as a function of elevation suggests that 
budmoth activity and its impact are likely temperature dependent. From the 
biomass reconstructions it is clear that Larix productivity was severely dampened 
by regular outbreaks at higher elevations, preventing these trees from fully 
realizing their growth potential. 
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Supporting information Chapter 2 
After cross-dating sites on both north and south slopes, sites on the same elevation where 
combined per species. Diameter increment data was calculated by multiplying the mean ring-
width data for the individual by two, which was used for chronology building and biomass 
calculations (Figure S2.1). A minimum of ten individuals was used for the chronology building 
and biomass calculations. 
 
Figure S2.1 Development of diameter increment over time for all elevations and species. Grey 
lines indicate individual series, black lines indicate the mean and the coloured lines a 30 year 
spline of the mean diameter increment data. Sample size is indicated with the smaller plots, 
where the grey area indicates years where the sample size is below 10 individuals. 
Figure S2.2 presents the functions that have been used for reconstructing height and 
bark thickness of individual trees in relation to DBH. All function fits were significant (p< 0.05) 
with an R2≥ 0.7. At 2200 m only sparsely Picea abies is found, therefore it was excluded from 
further analysis. 
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Spurious trends can be introduced due to the detrending procedure applied, which 
accounts for the age/size related signal within tree-ring series. According to Peters et al. (2015) 
we applied multiple detrending methods and verified whether the signal preserved within the 
regional curve standardization (RCS) chronology, is similar to the once attained by conservative 
detrending (CD) and basal area correction (BAC; Figure S2.3). 
 
Figure S2.2 Allometric functions of height and bark thickness in relation to diameter at breast 
height (DBH). Top plots show functions per elevation and species, while the bottom plots show 
functions for all elevation combined. Goodness of fit is provided in addition to the significance 
level (*= p <0.05, **= p <0.001). 
Multiple outbreak and climate scenarios were simulated with the additive linear model 
to quantify the growth benefit due to the absence of outbreak on growth over the recent 
outbreak-free period (i.e., after 1981). We analysed model performance by including: 1) 
Climate alone, 2) Climate + Outbreak, and 3) Outbreak alone. For climate alone we used the 
raw climatic variables, selected from the multiple regression analysis. For P. abies two 
alternative sets of climatic variables were selected (Climate and Climate alt.; Table S2.1). When 
including the outbreak components for the Larix decidua data, we used three types of outbreak 
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response curves depending on three types of possible long-term post outbreak growth 
responses. These scenarios include i) the original response curve (referred to as the “Beneficial” 
type), ii) the “Threshold” type, where no benefit from longer absence of the budmoth is assumed 
and all response values greater than one were reset to one, and iii) the “Linear Increase” type, 
where all values from year eleven onward were extrapolated from the linear slope between 
years two and ten (Table S2.1). 
Model fittings for P. abies and L. decidua chronologies along different elevations are 
shown in Table S2.2. Three month average climate variables are presented (last months is 
shown). For the L. decidua model fit statistics are provided for different scenarios when 
including all years as when excluding years with budmoth absence. Additionally, for the 
beneficial scenario, climatic variables have been excluded to illustrate the strength of the 
outbreak variable. The “budmoth absence growth change” describes the average annual 
percentage of modelled ring-width index gained compared to the model where outbreaks would 
have continued with a 9-year frequency from 1990 onwards. The “unexplained growth change” 
is the average annual percentage growth increase of observed ring width indices over the 
modelled L. decidua series without outbreaks. For P. abies this value reflects the average annual 
percentage difference between observation and Climate model. The alternative climate scenario 
for P. abies did not improve model performance. Additionally, both threshold and the linear 
increase scenario did not improve model fit nor better explained the recent growth increase. 
 
Figure S2.3 Impact of method selection on trend detection. Lines indicate chronologies 
produced by conservative detrending (CD; in black), basal area correction (BAC; in grey) and 
regional curve standardization (RCS; in red) for the different species and elevations. For every 
method Spearman rho (r) and significance values (p) are presented. 
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Table S2.1 Scenarios for growth modelling. Climatic drivers of temperature (T) and 
precipitation (P) are included for current (capital letters) and previous year. 
 
Species Scenario Climatic 
drivers 
Threshold 
outbreak 
Beneficial 
outbreak 
Linear 
increase 
outbreak 
Formula;  
 
Growth =  
Description 
Picea 
abies 
Climate X    
Tsep + Pdec + 
TJUL + PJUL 
Climatic drivers selected by multiple 
regression 
Climate 
alt. 
X    
Tsep + Psep + 
TAUG + PJUL 
Climatic drivers adjusted for individual 
climate growth correlations 
Larix 
decidua 
Isolated 
Climate 
X    
TAUG + Tnov + 
PAUG 
Climatic drivers selected by multiple 
regression 
Threshold X X   
TAUG + Tnov + 
PAUG + Thres 
Addition of outbreak response which 
only affects growth negatively (no 
positive effect of absence) 
Beneficial X  X  
TAUG + Tnov + 
PAUG + Ben 
Addition of outbreak response where 
negative and positive effects of 
outbreak absence are included 
Linear 
increase 
X   X 
TAUG + Tdec + 
PAUG + Lin 
Addition of outbreak response where 
linear positive growth effects are 
simulated after reaching original 
growth levels 
Isolated 
outbreak 
 X   Thres Solely threshold outbreak response  
  X  Ben Solely beneficial outbreak response  
   X Lin 
Solely linear increase outbreak 
response 
Outbreak 
Picea  
Picea 
abies 
replacing 
climate 
X   Picea + Thres 
Picea chronology and threshold 
outbreak  
 X  Picea + Ben 
Picea chronology and beneficial 
outbreak 
  X Picea + Lin 
Picea chronology and linear increase 
outbreak 
 
In addition to modelling the growth variation using the multiple regression of climate 
parameters, we modelled L. decidua growth as a function of the spruce growth (i.e., the non-
host tree) plus our budmoth response curves (Table S2.1). This approach is more similar to 
classical dendroecological methods that use a reference chronology from a non-disturbed 
population in order to identity disturbances such as insects. We did not note an improvement in 
the explained variance of growth, but note that this approach does not require the selection of 
climate variables (possibly prone to uncertainties or overfitting). 
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Table S2.2 Model fits for Picea abies and Larix decidua chronologies grouped by elevations. 
Three month average climate variables for precipitation (P) and temperature (T) from previous 
and current year (capital letters) are presented (last months is shown). For L. decidua model fit 
statistics are provided by including all years (for adjusted R2, intercept and slopes) or by 
excluding years with budmoth absence (adjusted R2; ≤1980). Four different types of outbreaks 
are included; no outbreak (None), outbreaks with only negative impact (Threshold), original 
outbreak fits (Beneficial) and outbreaks where linear increase is assumed after obtaining the 
mean 5 year growth values prior to outbreak (Linear increase). Additionally, for the beneficial 
simulation, climatic variables have been excluded and P. abies has been in combination with 
the outbreaks to illustrate the strength of the outbreak variable. Budmoth absence growth 
change describes the average annual percentage of modelled ring-width index gained compared 
to the model where outbreaks would have continued with a 9-year frequency from 1990 
onwards. Unexplained growth change is the average annual percentage growth increase of 
observed ring-width indices over the modelled L. decidua series without outbreaks. For P. abies 
this value reflects the average annual percentage difference between observation and Climate 
model.  Significance:  p >0.001= **, 0.001< p >0.05= *, 0.05< p >0.1= .. 
 
Species Scenario Elevation 
(m) 
Variables (slope) Adjusted 
R2 
(all years) 
Budmoth 
absence 
growth 
change 
(%) 
Unexplained 
growth 
change (%) 
Adjusted 
R2 
(≤1980) 
Intercept Tsep Pdec TJUL PJUL 
Picea 
abies 
Climate 1300 1.30** -0.0344* 0.0002 -0.0060 0.0005* 0.11** 
 
-2.45  
1600 0.89** -0.0378** 0.0002* 0.0299* 0.0005** 0.18** 7.63  
1900 1.07** -0.0515** -2.48E-06 0.0441** 0.0002 0.21** 6.40  
  Intercept Tsep Psep TAUG PJUL     
Climate 
alternative 
1300 1.22** -0.0297* 0.0002 -0.0048 0.0005* 0.10**  -2.19  
1600 0.70** -0.0280* 0.0002. 0.0314* 0.0005** 0.15**  8.22  
1900 0.89** -0.0399** 0.0002. 0.0380** 0.0001 0.21**  6.52  
 Intercept TAUG Tnov PAUG Outbreak   
Larix 
decidua 
Isolated  
climate 
1300 0.59* 0.0099 0.0196 0.0005*  0.03. 
 
0.27  
1600 -0.48 0.1122** 0.0278 0.0003 0.14** 15.16  
1900 -0.88* 0.1664** 0.0501* 0.0004 0.24** 23.67  
2200 -0.22 0.1311** 0.0364* 0.0002 0.25** 9.16  
Threshold 1300 0.13 0.0096 0.0244. 0.0005* 0.4538** 0.13** 11.45 -5.30 0.21** 
1600 -1.06** 0.0743** 0.0113 0.0004. 1.1956** 0.47** 19.18 12.24 0.41* 
1900 -1.27** 0.1104** 0.0245 0.0005* 1.1862** 0.63** 25.20 27.21 0.54** 
2200 -1.02** 0.1061** 0.0203 0.0003 1.1178** 0.46** 14.85 8.44 0.36** 
Beneficial 1300 0.42 -0.0041 0.0187 0.0005* 0.3761** 0.11** 19.32 -14.29 0.24** 
1600 -0.51* 0.0512* 0.0168 0.0002 0.8534** 0.49** 23.44 6.60 0.40** 
1900 -0.81** 0.0841** 0.0314* 0.0003 0.9087** 0.67** 28.91 19.49 0.54** 
2200 -0.56* 0.0835** 0.0246. 0.0002 0.8191** 0.50** 18.83 0.43 0.39** 
Isolated 
outbreak: 
Beneficial 
1300 0.62**    0.3623** 0.08** 18.17 -9.76 0.16** 
1600 0.14.    0.9349** 0.47** 25.13 11.40 0.40** 
1900 0.08    1.0248** 0.61** 31.19 25.43 0.53** 
2200 0.06    0.9921** 0.41** 22.49 10.44 0.32** 
Linear 
increase 
1300 0.63* 0.0049 0.0185 0.0004* 0.0371 0.03. 33.33 -29.54 0.22** 
1600 -0.08 0.0543* 0.0207 8.8913E-05 0.3367** 0.33** 24.41 1.99 0.24** 
1900 -0.39. 0.0723** 0.0348* 0.0001 0.5667** 0.61** 33.43 9.66 0.47** 
2200 -0.16 0.0761** 0.0271. 5.0321E-05 0.4717** 0.46** 23.00 -5.80 0.35** 
  Intercept Picea   Outbreak     
Beneficial 
Picea 
1300 0.37** 0.4368**   0.1910* 0.17** 21.02 -9.64 0.33** 
1600 0.02 0.1283   0.9278** 0.47** 25.30 13.35 0.40** 
1900 -0.40* 0.5031**   1.0050** 0.64** 30.97 22.32 0.54** 
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Abstract 
Mechanistic understanding of tree-ring formation and its modelling requires a 
cellular-based and spatially organized characterization of a tree ring, moving from 
whole rings, to intra-annual growth zones and individual cells. A tracheidogram 
is a radial profile of conifer anatomical features, such as lumen area and cell wall 
thickness, of sequentially- and positionally-ranked tracheids. However, its 
construction is tedious and time-consuming since image-analysis-based 
measurements do not recognize the position of cells within a radial file, and 
present-day tracheidograms must be constructed manually. Here we present the 
R-program library RAPTOR that complements tracheid anatomical data obtained 
from quantitative wood anatomy software (e.g., ROXAS, WinCELL, ImageJ), 
with the specific positional information necessary for the automatic construction 
of tracheidograms. The package includes functions to read and visualize tracheid 
anatomical data, and uses local search algorithms to ascribe a ranked position to 
each tracheid in identified radial files. The package also provides functions to 
ensure that tracheids are adequately aligned for identifying the first tracheid in 
each radial file, and obtaining the correct ranking of tracheids along each radial 
file. Additional functions allow automating the analyses for multiple samples and 
rings (batch mode) and exporting data and plots for quality control. RAPTOR 
allows tracheidogram users to take advantage of the latest generation of cell 
anatomical measuring systems. With this R-package we aim at facilitating the 
construction of more robust and versatile tracheidograms for the benefit of the 
research community. 
3.1 Introduction 
Quantitative wood anatomy is a rapidly expanding discipline that uses 
measurements of tree-ring anatomical features to provide highly resolved 
information on plant functioning, growth and environment (von Arx et al. 2016). 
Indeed, depending on the plant status and weather conditions occurring at the time 
of growth, the tree-ring structure varies among differing years, sites or 
provenances. Thus, the variation in anatomical structure of tree-rings from both 
gymnosperms and angiosperms species can retrospectively be used to infer 
climatic signals (e.g., Martin-Benito et al. 2012; Fonti and Babushkina 2016; 
Castagneri et al. 2017; Soute-Herrero et al. 2017), dynamics of growth and 
biomass allocation (e.g., Cuny et al. 2015; Carrer et al. 2017), and modifications 
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of important xylem functional traits (e.g., Petrucco et al. 2017; Marin-Benito et 
al. 2017; Olano et al. 2017). 
The structure of gymnosperm wood is relatively simple, as it is mainly 
composed of tracheid cells. Notably, tracheids are aligned along radial files due 
to their sequential formation from parent cambial cells. By tracking the order of 
tracheids along the radial axis it is thus possible to link the cell position to its 
timing of formation. Tracheidograms - i.e., cell-based radial profiles of 
anatomical features such as lumen diameter, lumen area, or cell wall thickness of 
positionally ranked tracheids - have been commonly used to analyse how tracheid 
sequences vary along the radial axis of the tree-ring during the growing season 
(Vysotskaya & Vaganov 1989; Vaganov 1990; Vaganov et al. 2006). After 
determining tracheid position, it is common practise to normalize the varying 
number of cells between radial files to a fixed value, facilitating intra-annual 
comparison (DeSoto et al. 2011). Since their development, tracheidograms have 
been crucial in timing cell formation and investigating the influence of intra-
annual weather fluctuations on wood structure (Kirdyanov et al. 2003; Cuny and 
Rathgeber 2016) and its derived functional and mechanical properties (Park et al. 
1998; Darikova et al. 2013). This representation of a tree-ring unit (i.e., through 
a typical radial file, from the first to the last cell produced during the growing 
season) is thus crucial for mechanistically understanding tree-ring structure and 
functioning from a cellular perspective. 
Since the construction of tracheidograms requires tracheid positional 
information within the radial files, the anatomical data (obtained from magnified 
images of wood cross-sections) are often generated with laborious and time-
consuming manual measurements along a selection of at least 5 to 10 radial files 
(Seo et al. 2014), preserving the positional sequence in the data (DeSoto et al. 
2011; Campelo et al. 2016). Over the last decade, the techniques for quantitative 
wood anatomy have significantly improved, particularly with the development of 
specific software such as WinCELL (see Larocque & Smith 2005 as an example 
of use), ImageJ (see Schuldt et al. 2013 as an example of use) and ROXAS (von 
Arx & Carrer 2014). Progress in micro-slide preparation (Gartner & 
Schweingruber, 2013; Arx et al. 2016) and wood surface imaging (Liang et al. 
2013), combined with powerful image-analysis software (von Arx & Dietz 2005; 
Prendin et al. 2017), are now facilitating the measurements of large quantities of 
cells (e.g., Castagneri et al. 2017; Carrer et al. 2017), which can easily be 
processed and analysed in versatile data-science platforms such as R (Crawley 
2007). Although providing a spatial position of the cell within the image (e.g., x- 
Chapter 3 
58 
 
and y-coordinates of the centroid of each cell), these programs are not designed 
to identify individual radial files and thus do not provide the positional data 
required to build tracheidograms (Figure 3.1). To overcome this limitation, we 
present a new package called RAPTOR (Row And Position Tracheid Organizer 
in R) to assign the cell position within a radial file to each measured tracheid. 
 
Figure 3.1 Visualisation of a RAPTOR output overlaid on the original cross-section image of 
the ring 2007 from the example data LOT_PICEA (example.data (species=”LOT_PICEA”)) 
used for the tracheid measurements. In the example RAPTOR assigns a position number to each 
tracheid within the 55 identified radial files in vertically aligned squares of the same colour. 
 
3.2 Package functionalities 
RAPTOR is an R add-on package freely accessible via the CRAN repository 
(CRAN: http://cran.r-project.org, version 3.3.3; see Supporting information), 
which contains functions to: i) verify the required data format (is.raptor), ii) plot 
the spatial distribution of tracheids within a specified tree-ring for visual 
verification (graph.cells), iii) rotate data along the radial axis to properly align the 
cells for the searching algorithm (align), iv) identify the first tracheid of the radial 
files (first.cell), v) assign each tracheid to a position within the radial file (pos.det), 
and vi) save data and produced plots (write.output). These functions should be 
used sequentially as each procedure uses data output provided from previous 
functions, and can be serially automated for large datasets to be processed in 
batches (batch.mode). To assist the user in understanding the operation and the 
functionalities of the RAPTOR package, there are several example datasets to be 
studied (anatomy.data, example.data). 
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3.3 Data format and image requirements 
To provide positional output, RAPTOR requires input data to be formatted into 
an R data-frame object with a designated row for each tracheid, as typically 
obtained from measurements performed on images of thin cross-sections of wood 
increment cores (see Figure 3.1). RAPTOR uses a local-search algorithm based 
on tracheid size and position within the ring, which is less precise if the ring shape 
is highly irregular or if only a modest number of cells are measured (e.g., along 
small radial strips or incomplete rows). Furthermore, the images used for 
measurements should be oriented so that incremental growth occurs parallel to the 
y-axis (i.e., with the earlywood facing the image bottom). The appropriate image 
orientation can be obtained by using the function align(). 
The input data-frame must include six specific columns; an identifier 
column for the wood sample (e.g., ID), an identifier for the tracheid (e.g., CID), 
the year of the dated tree ring (e.g., YEAR), the cell lumen area (e.g., CA), and 
the x- and y-coordinates of the centroid of the tracheid lumen (e.g., XCAL and 
YCAL). Commonly used software’s provide the information on CID, CA, XCAL 
and YCAL, while the ID and YEAR can be added afterwards. These column 
names must either match the names mentioned above or columns have to be 
ordered according to the order presented here. Additional non-compulsory 
columns with other anatomical metrics or other types of information may be 
included. Table 3.1 provides an example of an anatomical dataset from Norway 
spruce (Picea abies Karst.) as generated by ROXAS that can be called using the 
function example.data (species=”LOT_PICEA”). The package also provides 
examples from several other conifer species. 
The user can verify if a data-frame fits the requirements for RAPTOR data 
format by using the function is.raptor(). The input data can be visualized with the 
graph.cells() function, which produces an interactive plot allowing the user to 
cycle through the years to see the position, lumen size, and the identifier of the 
tracheids in each ring (Figure 3.2). 
3.3 Main RAPTOR functionalities 
The align() function provides an interactive procedure to rotate the coordinate 
system (Figure 3.3a). The argument interact allows the user to select if the rotation 
is performed automatically or determined by the user. In the default case 
(interact= FALSE), the rotation is optimized automatically using a simple linear 
regression through all tracheid located along the horizontal axis. In the case of a 
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user-guided rotation (interact= TRUE), the function produces a plot for each ring 
with a superimposed crosshair and rotational slopes to guide the alignment. The 
user is then asked to provide the rotational slope corresponding to the line that 
parallels the annual ring border and to visually check the rotation result. 
 
Figure 3.2 Graphical representation of anatomical data presented with the function 
graph.cells() for the ring 2007 from the LOT_PICEA example (example.data 
(species=”LOT_PICEA”)). The upper panel indicates the calendar year for each ring and its 
total number of cells. The lower panel provides the positional data and the lumen area of each 
tracheid (size of the square) for the grey coloured annual ring shown in the upper panel. When 
plotting in R the number within the square provide the cell identifier. 
Once the ring is optimally aligned, the process of radial file identification 
can start. Starting from the bottom left corner of the ring, the function first.cell() 
searches to the right for the lower most adjacent cell using a local search algorithm 
that moves from the first recognized cell tracheid to the next (Figure 3.3b and 
3.4a). The argument frac.small (default= 0.5) defines the threshold lumen area 
(expressed as a percentage of the average tracheid lumen area of the ring) that 
filters out tracheids that are too small to be considered as the first earlywood cell 
within a radial file. As a result, a column “ROW” is added to the input data-frame 
that assigns a row number to each recognized first cell (see Table 3.1). 
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Table 3.1 Example of RAPTOR data format of the ring 2007 from the LOT_PICEA example 
(example.data (species=”LOT_PICEA”)). Bold column names indicate mandatory columns. 
Bold grey columns indicate RAPTOR outputs. 
ID CID YEAR CA XCAL YCAL CWTALL … ROW POSITION MARKER 
LOT_PICEA 31 2007 1252 -1481 108980 3.01 … 1 1 NA 
LOT_PICEA 32 2007 1136 -1440 108979 2.76 … 2 1 NA 
LOT_PICEA 34 2007 1139 -1402 108979 2.04 … 3 1 NA 
LOT_PICEA 40 2007 1320 -1365 109000 2.69 … 4 1 NA 
LOT_PICEA 45 2007 1688 -1317 109006 2.36 … 5 1 NA 
LOT_PICEA 50 2007 340 -1288 109005 2.21 … NA NA NA 
LOT_PICEA 53 2007 553 -1268 109007 2.47 … 6 1 NA 
LOT_PICEA 56 2007 1321 -1238 109021 2.51 … 7 1 NA 
LOT_PICEA 57 2007 1300 -1404 109020 2.59 … 3 2 NA 
… … … … … … … … … … … 
ID= sample identifier; CID= tracheid identifier; YEAR= year of formation of the annual ring; CA= tracheid lumen 
area; XCAL= X-value of cell centroid; YCAL= Y-value of cell centroid; CWTALL= Mean thickness of all cell 
walls; ROW= number of the radial file the tracheid is belonging to; POSITION= position of the tracheid within 
the radial file; MARKER= tracker of RAPTOR decision (see text).  
 
Figure 3.3 Tree-ring alignment and first cells detection for the ring 2007 from the LOT_PICEA 
example (example.data (species=”LOT_PICEA”)). (a) Plot obtained from the align() function 
where a crosshair is provided to assess the rotational angle (expressed as the slope of a linear 
regression) required for optimizing the alignment of the radial growth axis of the ring to the 
image y-axis. (b) Plot of the tree ring after the rotation and identification of the first cells (as a 
result of the first.cell() function). The first and last identified cells are marked in green and red 
respectively. 
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The recognition of continuous radial files - i.e., radial files which display 
an uninterrupted sequence of cells from the start to the end of the ring - and the 
assignment of a tracheid cell’s position within each radial file, is obtained using 
the function pos.det() (Figure 3.4b). By looping through each identified first-row 
cell, this function uses another algorithm to identify the next sequential tracheid 
in the radial file. The algorithm is instructed by user-defined “earlywood” and 
“latewood” variables, dependent on the anatomical characteristics of the wood 
sample (see package description). The algorithm moves from one target cell (n), 
to the next (n+1) using a rectangular search grid. The width and the length of the 
grid are defined as the proportion of a target cell’s lumen diameter (where Ln= 
CAn1/2) multiplied by sle (sl= search length) and swe (sw= search width) for larger 
earlywood cells (e) and sll and swl for smaller latewood cells (l; see Figure 3.4b). 
If more than one tracheid falls within the rectangular search grid, the closest 
tracheid will be selected. Specified size ratio variables between consecutive 
tracheid (i.e., ec= earlywood cut off, and lc= latewood cut off) are used to stop 
the algorithm search when unrealistically small cells are detected. A flexible 
spline moving along each established radial file with a search width determined 
by the average radial file width is used to detect cells that should have been 
assigned to a radial file. Finally, the arguments prof.co (i.e., a threshold ratio of 
distance to the previous [between n and n-1] and the consecutive tracheid [n and 
n+1]), and max.cell (expressed as a proportion of the annual maximum number of 
radial file cells) can be used to filter out incomplete radial files. The output file 
contains the “ROW” and “POSITION” column, with NA’s assigned to tracheids 
that do not belong to continuous radial files, and a column “MARKER” that track 
RAPTOR decisions in each radial file. Specifically, values are assigned to the last 
detected “earlywood” cell (value= 1), the last detected “latewood” cell (value= 2), 
the last detected cell (value= 3), and radial files removed due to gaps (value= 4) 
or too few cells (value= 5). 
These three main functions of the package also offer graphical visualization 
of results (with the argument make.plot= TRUE). The function write.output() 
allows the user to export results in numerical (as *.txt) and graphical (as *.pdf) 
formats to a repository or folder selected by the user. The batch.mode() function 
allows the user to automatically run the above functions from a target folder 
populated by previously prepared files with defined settings. 
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Figure 3.4 Visual representation explaining the local search algorithms used in RAPTOR. (a) 
Image of the wood anatomical section from an annual ring. Cell lumen of the identified 
tracheids are outlined in cyan. The first.cell() algorithm starts from the first cell at the bottom 
left of the image (green filled cell lumen) and searches to its right for adjacent cells. The cell 
closest to the target cell is selected and a check is performed to select the lowest cell (according 
to YCAL), where the selected cell is subsequently used for the next search (cells 1, 3, 5 and 6 
are selected). Identified first cells of the radial files are labelled with a green number. (b) Visual 
representation of the pos.det() algorithm. The pos.det() search grid above the target cell (n) is 
defined as a rectangle whose sides are a proportion of Ln and defined by the user through the 
function arguments sle, swe for the large cells (mainly the earlywood, see orange dashed grid) 
and sll and swl for the small cells (mainly the latewood, see red dashed grid). If more than one 
cell falls in the rectangle, the cell closer to the target is selected. The algorithm moves 
sequentially from cell to cell until it reaches the end of the radial file, i.e., when no neighbouring 
cell can be found within the search grid. 
3.4 Prospects from radial file positional data 
RAPTOR is designed to complement the latest generation of software tools that 
measure cell parameters in conifer wood. The implementation of RAPTOR into 
wood anatomical research enhances the possibility to investigate and model tree-
ring growth and functioning from a cellular perspective. The provided 
positionally-ranked tracheid information within identified radial files facilitates 
rapid construction of tracheidograms from wood anatomical measurements (e.g., 
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de la Cruz & DeSoto 2015; Campelo et al. 2016). With these functionalities, 
RAPTOR allows tracheidogram-users to access and exploit the recently improved 
efficiency in term of measured number of cells (e.g., Castagneri et al. 2017) and 
parameters (e.g., von Arx et al. 2016, Prendin et al. 2017) offered by the latest 
quantitative wood anatomical measuring systems. 
We offer access to the characterisation of a significantly increased number 
of radial files, aiding in the development of more robust and versatile intra-annual 
anatomical parameters. Also, these measurements provide a better appreciation of 
the large variability of anatomical parameters among radial files, annual rings, 
and species (Figure 3.5; see Supporting information for installation and coding 
examples). The increased robustness will benefit a multitude of studies that 
require representative cell-based anatomical tree-ring profiles for gymnosperm 
species, as is often the case when modelling tree-ring formation, structure and 
functioning (Vaganov et al. 1990; Fritts et al. 1991; Vaganov et al. 2006). 
 
Figure 3.4 Comparison of individual tracheidograms within a single annual ring (upper graph) 
and mean tracheidogram among years and species (lower graph) as obtained with RAPTOR 
using the example data (including Picea abies, Larix siberica, Pinus cembra and Pinus 
sylvestris; see example.data ()). 
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Abstract 
Conifer trees possess similar anatomical tree-ring structures from tropical to 
boreal forests. However, little is known on how these characteristic structures, 
which play a crucial role in tree functioning by ensuring sap ascent and 
mechanical support, are maintained stable across contrasting environmental 
conditions. In this study we performed several years of weekly cellular-based 
monitoring of wood formation in two temperate coniferous species across an 8 °C 
thermal gradient to investigate the impact of temperature on wood cell formation. 
Results indicated that when moving towards colder sites, differentiating wood 
cells compensate to a decreased enlarging and wall-thickening rate with an 
increased duration, except for the wall-thickening latewood cells. This 
compensation allows conifer trees to mitigate the influence of temperature on the 
final tree-ring structure, with important implications for the functioning of the 
xylem. The lack of compensation for the thickening latewood might explain the 
superior climatic sensitivity usually found in maximum latewood density. 
Coupling duration with rate appears as a fundamental feature to increase resilience 
in xylogenesis. 
4.1 Introduction 
Conifers display an extraordinary biogeography with more than 600 species 
widely distributed across the globe: from the latitudinal limits of tree growth in 
the Northern and Southern Hemispheres to the Equator; from lowland savannas 
to near the perpetual snow line of the highest mountains; and from the wet forests 
of Alaska to the central Sahara (Farjon & Filer 2013). Despite growing in highly 
contrasted environments, conifers generally develop similar tree-ring structures 
(Schoch et al. 2004). Tracheids - the cells which provide both water transport and 
mechanical support and in conifers represent about 90% of wood tissue (i.e., 
xylem) - are characterized by a progressive transition in their dimensions. In wood 
tissue produced during the early part of the growing season, the earlywood, 
tracheids are large with thin cell walls. Whereas tissue produced at the end of the 
growing season (the latewood), is characterized by narrow, thick-walled cells. In 
short, a continuous transition in cell size and wall thickness is characteristic of 
conifers (Cuny et al. 2014, Schoch et al. 2004). This typical tree-ring structure 
reflects structural and physiological trade-offs that are important for tree 
functioning and performance. Wider tracheids are more efﬁcient in transporting 
water but more prone to cavitation, while narrower thick-walled tracheids provide 
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most of the mechanical support, yet are less efficient in transporting water (Chave 
et al. 2009). 
To date, most studies dealing with the influence of environment on wood 
formation (i.e., xylogenesis) have focused on the phenology (i.e., beginning, end, 
and duration of cambial activity and wood formation season; Deslauriers et al. 
2008, Rossi et al. 2007, Rossi et al. 2008, Rossi et al. 2016). Such studies have 
revealed the strong plasticity of this aspect in response to temperature variations: 
e.g., towards colder environments growing season is shorter because wood 
formation starts later and ends earlier. But much less is known on how tree-ring 
structure is shaped during xylogenesis beyond the dependence upon kinetics of 
xylem cell differentiation processes: namely, the duration and rate of cell 
enlargement determine the ﬁnal size of a xylem cell, while the duration and rate 
of wall thickening govern its ﬁnal weight. The contribution of each kinetic 
parameter in shaping the typical tree-ring structure has been recently quantified 
for temperate coniferous species (Cuny et al. 2014, Rathgeber et al. 2016). Yet, it 
remains unknown how these kinetic parameters may or may not vary across 
changing environments to maintain characteristic anatomical structures. 
Here, we investigate how xylogenesis shapes conifer tree-ring structure 
across contrasting thermal environments. For this purpose, we gathered up to 
seven years (depending on site) of quantifications of wood formation dynamics 
and tree-ring structure for 2 coniferous species - Norway spruce (Picea abies L.) 
and European Larch (Larix decidua Mill.) - along a ≈2000 m elevational gradient 
in western Europe (see Figure S4.1). The elevational gradient exhibits an 
amplitude of 8 °C in mean annual temperature (Table 4.1). We used a novel 
modelling approach to associate cell differentiation kinetics and final cell 
dimensions with the corresponding thermal conditions (Cuny & Rathgeber, 2016; 
see Figure S4.2). We establish the following three hypotheses: H1) lower site 
temperature is associated with a later start, earlier ending and shorter duration of 
xylem tissue formation; H2) due to these adjustments in phenology, xylem cells 
experience similar thermal conditions during their differentiation along the 
thermal gradient; H3) consequently, the kinetics (rates and durations) of the cell 
differentiation processes (cell enlargement and wall thickening) which determine 
the final dimensions of xylem cells, and thus shape the tree-ring structure, is 
similar in all thermal environments.  
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4.2 Materials and methods 
Study area 
The research was conducted at two main locations: one in the Lötschental valley 
(LTAL), in the Swiss inner Alps (46°23’N, 7°45’E), and one in the Donon (DNN), 
in the Vosges Mountains in northeast France (48°35’N, 7°08’E; see Figure S4.1). 
In total, the research design includes 12 sites (nine at the LTAL and three at the 
DNN) covering a wide range of temperature, with a difference of about 8 °C 
between the mean annual temperatures of the coldest (2.2 °C) and the warmest 
sites (10.3 °C; Table 4.1). The nine sites of the LTAL were selected along a 1400 
m elevational transect (from 800 to 2200 meters above sea level; MASL) 
including both north and south aspects (see Figure S4.1). At 1300 MASL two sites 
were chosen on the same north aspect, with one site presenting particularly wet 
conditions (N13W). At each site of the LTAL, Norway spruce (Picea abies (L.) 
Karst.) and European Larch (Larix decidua Mill.) are growing in inter-mixed 
stands, with the exception of the highest sites (N22 and S22) where only Larch is 
present. In the DNN, the three sites were selected along a 300 m elevational 
gradient (from about 350 to 650 MASL; see Figure S4.1). At each of these sites, 
Norway spruce is growing in mixed coniferous stands. 
Table 4.1 Main characteristics of sites and trees monitored. The table describes the sites 
(elevation, orientation, mean temperature and number of freezing days over the monitoring 
period), the trees (age, diameter at breast height [DBH] and height [H]), and the monitoring 
characteristics (number of years and period of monitoring, species studied, number of sampled 
trees) for the DNN (Donon, Vosges Mountains, France) and LTAL (Lötschental, Alps, 
Switzerland) locations. For age, DBH and H, the mean ± the standard deviation are given. For 
species PA and LD indicated Picea abies and Larix decidua, respectively. 
Location Site 
Elevation 
(m a.s.l.) 
Orientation 
Mean 
T 
(°C) 
Nb of 
freezing 
days 
Nb of 
years 
Period of 
monitoring 
Species 
Nb of 
trees 
per 
year 
Age 
(year) 
DBH 
(cm) 
H 
(m) 
DNN 
WAL 370 South-West 10.3 27 3 2007-2009 PA 5 89±8 53±4 32±2 
ABR 430 West 9.1 36 3 2007-2009 PA 5 85±15 41±5 32±1 
GRA 650 South-West 8.6 39 3 2007-2009 PA 5 74±7 55±9 33±3 
LTAL 
N08 
800 North 9.2 64 3 2008-2010 
LD 
PA 
4 
4 
167±21 
154±12 
49±5 
43±9 
22±3 
27±3 
N13 
1300 North 5.7 107 7 2007-2013 
LD 
PA 
4 
4 
151±18 
134±40 
53±16 
46±6 
31±7 
27±5 
N13W 
1300 North 4.2 123 2 2012-2013 
LD 
PA 
3 
3 
153±26 
111±24 
55±14 
53±16 
28±6 
28±8 
N16 
1600 North 4.9 117 4 2007-2010 
LD 
PA 
4 
4 
214±33 
223±64 
55±8 
55±6 
33±3 
34±3 
S16 
1600 South 5 113 7 2007-2013 
LD 
PA 
4 
4 
152±128 
221±139 
54±12 
43±9 
27±3 
24±3 
N19 
1900 North 3.1 132 4 2007-2010 
LD 
PA 
4 
4 
264±20 
200±25 
52±3 
52±9 
32±2 
30±4 
S19 
1900 South 3.9 115 7 2007-2013 
LD 
PA 
4 
4 
206±66 
186±72 
43±6 
50±9 
22±2 
24±3 
N22 2200 North 2.2 152 4 2007-2010 LD 4 251±96 42±9 18±4 
S22 2200 South 3.2 129 7 2007-2013 LD 4 246±39 41±8 18±2 
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Sampling, preparation, and microscopic observations of xylem development 
Xylogenesis was monitored during three years in DNN (2007-2009) and up to 
seven years in the LTAL (2007-2013), depending on the site (Table 4.1). On each 
site, three to four (in LTAL) or five (in DNN) mature and dominant trees per 
species (Norway spruce at DNN; Norway spruce and European larch at LTAL) 
were monitored each year. In the LTAL, because of the long-term monitoring 
performed, the monitored trees were changed after the 2007, 2009 and 2011 
growing seasons in order to reduce impact of sampling-related wound reaction. In 
the DNN, the same five trees were monitored during the three years. 
To monitor xylogenesis, microcores were collected weekly at breast height 
on the stem of the selected trees from April to November, using a Trephor tool 
(Rossi et al. 2006a). Successive microcores were then taken at least 1 cm apart 
from each other and following a slightly ascending spiral pattern to avoid wound 
reaction. Microcores were then prepared in the laboratory, and 5-15 µm-thick 
transverse sections were cut with a microtome. Sections were stained (with cresyl 
violet acetate at DNN, safranin and astrablue at LTAL) and permanently mounted 
on glass slides (Rossi et al. 2006b). Xylogenesis observations were performed on 
the sections using an optical microscope under visible and polarized light at 100-
400 magnification to distinguish the different phases of development among the 
cells. Thin-walled enlarging cells were discriminated from cambial cells by their 
larger size. Cells in the thickening zone developed secondary walls that can be 
detected under polarized light because of the orientation of cellulose microfibrils 
(Abe et al. 1997). Staining was used to follow the advancement of lignification 
(Rossi et al. 2006b). Thickening cells exhibited two-colored walls indicating that 
lignification was in progress, whereas mature tracheids presented entirely 
lignified and thus monochromatic walls. 
Count data of cells in different xylogenesis phases were standardized by 
the total number of cells of the previous ring (Rossi et al. 2003) using the R 
package CAVIAR (Rathgeber et al. 2011a). This standardization process reduces 
the noise in the data, thus increasing the signal-to-noise ratio by about 50% (Cuny 
et al. 2014). 
Quantitative wood anatomy 
For each tree, anatomical sections from microcores (DNN) or from standard 5 mm 
cores (LTAL) taken after the end of the growing season were used to characterize 
the structure of the tree rings produced during the monitoring period. Digital 
images of the tree rings were analyzed using image analysis software specifically 
developed for wood cell analysis in order to measure the dimensions of tracheids 
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along radial files. The WinCell software (Regent instruments, Canada) was used 
for trees at DNN to measure cell dimensions along an average of five radial files 
per tree; and ROXAS (von Arx & Carrer 2014; von Arx et al. 2016) was used for 
trees at LTAL to measure cell dimensions along an average of 30 radial files. Both 
software measures the radial and tangential lumen diameter, the lumen area and 
the wall thickness of each tracheid from transversal cuts. However, while WinCell 
measures only the tangential wall thickness, ROXAS measures both the tangential 
and the radial wall thicknesses. ROXAS measurements revealed that for both 
species the radial and tangential wall thicknesses are similar in earlywood, 
whereas in latewood the radial wall thickness is about 1.3 times larger. We used 
these values to estimate the radial wall thickness at DNN. From these anatomical 
variables, the cell and wall cross-sectional areas (CCA and WCA) were then 
calculated and considered as the final results of the differentiation phases of cell 
enlargement and wall deposition, respectively (Figure 4.1; Cuny et al. 2014). 
To show variations in tracheid dimensions along a ring, individual cell 
morphological measurements were grouped by radial file in profiles called 
tracheidograms (Vaganov 1990). Because the number of cells varied between 
radial files within and between trees, tracheidograms were standardized according 
to Vaganov’s method (Vaganov 1990) using a dedicated function of the R 
package CAVIAR (Rathgeber 2012). This standardization allows adjusting the 
length of the profiles (cell numbers) without changing their shape (cell dimensions 
(Vaganov 1990). We checked visually that this standardization didn’t alter the 
shape of the anatomical profiles. The standardized tracheidograms were then 
averaged by site, year and species. 
Mature tracheids were classiﬁed into three different types of wood: 
earlywood, transition wood and latewood; according to Mork’s criterion (MC) 
(Denne 1988), which is computed as the ratio between four times the tangential 
wall thickness divided by the radial lumen diameter. Tracheids were classiﬁed as 
follows: MC ≤0.5, earlywood; 0.5< MC <1, transition wood (not further used in 
the analysis); MC ≥1, latewood (Figure 4.1; Park & Spiecker 2005). 
Quantification of wood formation dynamics quantification 
In order to characterize accurately wood formation dynamics, generalized 
additive models (GAMs) were fitted on the standardized numbers of cells for each 
phase of xylem development, each year, and each individual tree (Cuny et al. 
2013), using the R package mgcv (R development core team, 2015; Wood 2006). 
The predictions of the fitted models were then averaged in order to characterize 
the mean behavior of each species, during each year, and at each site. 
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Moreover, for each species, we used the average cell numbers predicted by 
GAMs to calculate the date of entrance of each cell in each differentiation zone 
(enlargement, wall thickening and mature) of xylem formation along the 
developing tree ring, following the method described in (Cuny et al. 2013; see 
Figure S4.2). From these dates, the duration of stay of each cell i in the 
enlargement (dE,i) and wall thickening (dW,i) zones were computed. For each cell 
i, we then estimated the rate of enlargement (rE,i) and wall thickening (rW,i) by 
dividing its final dimensions (CCAi and WCAi) by the duration (dE,i and dW,i) it 
spent in the corresponding phase (enlargement and wall thickening; Cuny et al. 
2014). 
 
Figure 4.1 Illustration of the cell anatomical measurements performed. For every cell along a 
radial file, we measured the lumen radial and tangential diameter and the cross-sectional area 
of the lumen, as well as the radial and tangential wall thicknesses. From these measurements, 
we could then calculate the diameters and area of the cells, and the area of the wall. These 
dimensions were used to derive some indexes related to cell functional performances, 
specifically the conductivity and the cell reinforcement. 
 
Meteorological data 
In the LTAL, climatic conditions (air temperature, air relative humidity, soil 
moisture) were measured in-situ at each site beneath the canopy during the 
monitoring period with a 15-min interval. At the DNN, daily meteorological data 
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(temperature, precipitation, cumulative global radiation, wind speed, and air 
relative humidity) of the monitoring period were gathered from three 
meteorological stations spread in the studied area, following the disposition of the 
selected sites. For every site, the soil relative extractable water (REW) was 
calculated. For the LTAL, the REW was directly calculated using the 
measurements of soil moisture and the soil depth. For the DNN, the REW was 
assessed with the model Biljou©, which takes as input the measured 
meteorological parameters along with several soil (e.g., number and depth of 
layers as well as proportion of fine roots per layer) and stand (forest type and 
maximum leaf area index) parameters, and gives as output the REW at a daily 
scale (https://appgeodb.nancy.inra.fr/biljou/; Granier et al. 1999). 
Temperature influence on wood formation dynamics and tree-ring structure 
In order to study accurately the mechanisms by which xylogenesis and tree-ring 
structure respond to air temperature, the kinetics of tracheid differentiation and 
the resulting dimensions of xylem cells were associated with the exact thermal 
conditions prevailing during the process (see Figure S4.2). For example, the 
kinetics of enlargement and the final cross-sectional area of a cell were related to 
the mean temperature experienced during the enlargement of this cell. Similarly, 
the kinetics of wall thickening and the final wall cross-sectional area of a given 
cell were related to the mean temperature it experienced during its wall 
thickening. Finally, the lumen area and wall thickness, which integrate both cell 
size and wall amount, were related to the mean temperature experienced during 
the whole period of cell differentiation (i.e., enlargement plus wall thickening). 
As we wanted to focus on the variations in kinetics and anatomy according 
to the different thermal environments (i.e., sites), data (cell development kinetics, 
cell dimensions and associated thermal conditions) were averaged per sites, 
species and also by separating earlywood and latewood cells in order to test the 
possibility of different sensitivities between these two tree-ring compartments. 
Transition wood was discarded to only focus on clearly defined wood structures. 
Then, relationships between averages of thermal conditions, kinetics parameters 
(rate and duration of cell enlargement and wall thickening), and anatomical 
variables (cell area, lumen area, wall area, wall thickness) were assessed using 
linear models. In particular, covariance analyses were performed to evaluate the 
effects of species (European larch and Norway spruce), wood types (earlywood 
and latewood), tree age and dimensions (height and diameter) on the relationships. 
Significant variables and interactions were identified by backward elimination 
using the R function drop1 (R development core team 2015), which allows 
Temperature influence on tracheid development 
75 
 
selecting the best model based on the Akaike information criterion (AIC). Finally, 
as the assessed kinetics and anatomical parameters are on different scales and 
have different absolute values between them and between early- and late-wood, 
relationships were also assessed on normalized data in order to compare the slopes 
between the different variables and wood types. In order to test the effects of other 
potentially important climatic factors related to site hydric conditions, the same 
approach was conducted using the soil relative extractable water instead of 
temperature. 
Implications of the xylogenesis response to thermal conditions for tree-ring 
structure and functions 
To assess the implications of the xylogenesis response to thermal conditions in 
terms of tree-ring structure and associated functions, we used the relationships 
established to simulate the average kinetics and resulting dimensions of the cells 
produced at two theoretical sites representing a 5 °C gradient (≈3.5 °C and 8.5 °C 
in average temperature, respectively). For that, the relationships established 
between thermal conditions and kinetics parameters were used to simulate the rate 
and duration of differentiation processes for the two thermal modalities. The 
simulated kinetics were then used to calculate cell dimensions. For example, the 
cell cross-sectional area was calculated by multiplying the simulated rate and 
duration of cell enlargement, while the wall cross-sectional area was calculated 
by multiplying the simulated rate and duration of wall thickening. Other 
dimensions (lumen area, cell and lumen diameters, and wall thickness) could then 
be calculated from these two anatomical dimensions and used to build virtual cells 
assuming rectangular-shaped tracheids (Cuny et al. 2014). Finally, the calculated 
cell dimensions were used to infer some indices about the functions (conductivity) 
and mechanical properties (cell reinforcement) associated to the simulated 
tracheids (Figure 4.1). Conductivity was thus calculated as the power 2 of the 
lumen cross-sectional area according to Hagen-Poiseuille law (Sutera & Skalak 
1993), while the cell reinforcement was calculated according to (Hacke et al. 
2001): 
𝐶𝑒𝑙𝑙 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡 =  (
2×𝑊𝑇𝑇
𝐿𝑇𝐷
)
2
                                                             (Eq. 1) 
where WTT is the tangential wall thickness and LTD the lumen tangential diameter 
(Figure 4.1). 
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4.3 Results 
Wood formation phenology partially adjusts to the thermal environment 
Our observations only partially confirm our first hypothesis, namely the 
phenology of xylem tissue formation adjusts to thermal environment. We indeed 
find that along the gradient, the start of wood formation shows strong negative 
linear relationships with the mean annual temperature of the site (p <0.001, n= 19; 
Figure 4.2; see Table S4.1). For both species, the beginning of cell enlargement 
period is delayed by 4.7 days for a 1 °C decrease in temperature, whereas the 
beginnings of wall thickening and mature periods are delayed by 5.2 and 6.7 days, 
respectively (Figure 4.2). In contrast, the ending of wood formation phases does 
not show any statistical association with site temperature (Figure 4.2). 
 
Figure 4.2 Phenology of wood formation. Timing of xylem tissue formation along the thermal 
gradient with the beginnings of cell enlargement (bE), wall thickening (bW) and mature (bM) 
periods and the cessations of cell enlargement (cE) and wall thickening (cW) periods. Each point 
represents a site average for one species, while bar symbolizes the associated standard 
deviation. Orange and green lines represent the relationships between temperature and the 
different phenological dates for larch and spruce, respectively. Colored areas around lines 
represent the 95% confidence intervals. 
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Temperature during cell development largely varies between thermal 
environments 
Contradicting the second hypothesis, despite the plasticity observed in phenology, 
xylem cell differentiation operates at different temperatures along the gradient 
(Figure 4.3). For example, the temperature during differentiation of the first cells 
varies by 5 °C across sites (Figure 4.3b). Similarly, a 6 °C range is observed for 
the temperature experienced by earlywood cells (Figure 4.3c). Whereas thermal 
differences exceed 8 °C for latewood cells and approach 10 °C for the last cells 
in a ring (Figure 4.3d, e). These observations of temperature differences, that 
generally increase when moving from early- to late-wood cells, indicate that the 
delayed phenological onset at cold sites only partially buffers the gradient 
observed in mean annual temperature. 
 
Figure 4.3 Temperature experienced during xylem cell differentiation. The figure shows the 
mean temperature experienced by xylem cells during their differentiation at the 12 sites along 
the thermal gradients considering all tree ring cells (a), the first cell of the tree-ring (b), 
earlywood cells (c), latewood cells (d) and the last cell of the tree-ring (e). Each boxplot 
represents the data included in one of the above-mentioned categories for the two species at one 
site over the monitoring period. The dashed lines represent the relationships between the mean 
temperature experienced during xylem cell differentiation and the average site temperature. 
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Temperature has strong influence on cell development kinetic 
Figure 4.4 shows the implications thermal conditions have on xylogenesis 
processes, which exhibit different kinetics along the gradient, thereby disproving 
our third hypothesis. We find highly significant associations between temperature 
and the kinetics of cell differentiation processes (p <0.001, n= 38; see Table S4.2), 
whereas the hydric conditions have no effects (see Figure S4.3). For both species, 
we find strong, positive and linear relationships between the mean temperature 
experienced during process realization and the rates of this process (Figure 4.4a, 
b). However, we also observe strong, negative and linear relationships between 
temperature and the durations of processes (Figure 4.4c, d). In fact, it appears 
process rates and durations are tightly linked (Figure 4.4e, f). Towards colder 
sites, decreasing rates are associated with increasing durations. For cell 
enlargement, this coupling operates similarly in earlywood and latewood (Figure 
4.4e). In contrast, for wall thickening, coupling breaks down in latewood (Figure 
4.4f). 
The plasticity observed in cell kinetics mitigate temperature influence on tree-
ring structure 
The observed compensation between rates and durations of xylogenesis processes 
mitigates temperature effects on tree-ring structure, which displays its 
characteristic pattern along the elevational gradient (see Figure S4.4). Yet, 
thermal conditions still have a significant influence on final cell dimensions (p 
<0.001, n= 38; Figure 4.5; see Table S4.3). Thus, we find consistent anatomical 
differences across the elevational gradient: tracheids have lower cell area (Figure 
4.5a), wall area (Figure 4.5b), lumen area (Figure 4.5c) and wall thickness (Figure 
4.5d) towards colder sites. Moreover, owing to the breakdown in rate-duration 
coupling for wall thickening, we observe a particularly high thermal sensitivity of 
wall area and wall thickness in latewood (Figure 4.5b, d). 
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Figure 4.4 Influence of temperature on xylem cell kinetics. Relationships between the mean 
temperature experienced during process realization and process kinetics, including cell 
enlargement rate (a), wall thickening rate (b), cell enlargement duration (c) and wall thickening 
duration (d). Relationships between rate and duration of cell enlargement (e) and of wall 
thickening (f). Each point represents the site and species average for earlywood (EW) or 
latewood (LW) cells, with the corresponding 95% confidence interval. Lines represent the 
relationships for earlywood (solid light lines) and latewood (dashed dark lines). Slopes of 
relationships are given separately for earlywood (slopeEW) and latewood (slopeLW) when they 
are different; otherwise a single slope is given (slopeAll). The provided r-squared values are for 
the whole model. 
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Figure 4.5 Influence of temperature on xylem cell dimensions. Relationships between the mean 
temperature experienced during process realization and the resulting cell dimension, with the 
cell cross-sectional area (a), the wall cross-sectional area (b), the lumen cross-sectional area (c) 
and the wall thickness (d). Each point represents the site and species average for earlywood 
(EW) or latewood (LW) cells, with the corresponding 95% confidence interval. Lines represent 
the relationships for earlywood (solid light lines) and latewood (dashed dark lines). Slopes of 
relationships are given separately for earlywood (slopeEW) and latewood (slopeLW) when they 
are different; otherwise a single slope is given (slopeAll). The provided r-squared values are for 
the whole model. 
4.4 Discussion 
This study reveals the high plasticity and the complex interactions at play in the 
dynamic of wood formation in response to temperature. Our results emphasized a 
tight coupling between the rates and the durations of xylem cell development 
processes: towards colder environments, the rates of cell enlargement and wall 
thickening decreased, but in parallel their durations increased. Considering 
previous results from genetic studies performed along elevational gradients on the 
here-studied coniferous species are suggesting that the observed plasticity is 
rather a response to mean site climatology than a genetic adaptation of tree 
populations to local conditions (King et al. 2013b; Nardin et al. 2015). 
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The dependency of the start of xylem tissue formation to temperature we 
observed in our study sites matches well with previous reports for numerous other 
coniferous species in boreal (Rossi et al. 2016; Rossi et al. 2008), subalpine 
(Deslauriers et al. 2008; Rossi et al. 2007), temperate (Rossi et al. 2016), and 
Mediterranean (Camarero et al. 2010) forest biomes. In contrast, environmental 
factors controlling wood formation cessation remain unclear, even though 
temperature has also been recognized as an important driver across the Northern 
Hemisphere (Rossi et al. 2016). At more local geographical scales, the ending 
dates of wood formation have been related to the number of cells produced (Lupi, 
et al. 2010; Rossi et al. 2012), but here we observe no connection between the 
wood formation phenology and the annual increment, which is mostly related to 
the cell production rate (see Figure S4.5 and Table S4.4). Considering the stability 
of the ending dates across the thermal gradient, we speculate photoperiod 
(Mellerowicz et al. 1992) is an important factor controlling the end of xylem 
tissue formation in our sites. 
Concerning the control of the kinetics of cell differentiation processes, the 
rate and the duration have usually been considered separately. On the one hand, 
the control of the rate has been associated with a direct influence of temperature 
on the metabolism (Balducci et al. 2016; Cuny & Rathgeber 2016; Cuny et al. 
2015; Mellerowicz et al. 1992; Proseus et al. 1999; Proseus et al. 2000). Cell 
enlargement implies numerous enzyme reactions (e.g., cutting tethers to loosen 
the wall, synthesizing, transporting, delivering and inserting new wall polymers) 
with high activation energies, and thus likely being very sensitive to temperature 
(Proseus et al. 1999; Proseus et al. 2000), while the processes involved in wall 
thickening (e.g., cellulose and lignin biosynthesis, transport and deposition) are 
inhibited at temperatures still favorable for photosynthesis (Körner 1998; Körner 
2003; Simard et al. 2013). On the other hand, the regulation of process duration 
has more commonly been associated with hormonal signaling (Schrader et al. 
1997; Uggla et al. 1996). A morphogenetic gradient of auxin concentration would 
shape the zonation of the developing xylem and govern process durations by 
providing positional information to differentiating cells (Tuominen et al. 1997; 
Uggla et al. 1996). 
By revealing a tight coupling between the rate and the duration of 
xylogenesis processes, our results plead in favor of a more integrated approach to 
understand xylogenesis and its control, with the necessity to consider together all 
components of the dynamics of the system and their interactions. Indeed, to date 
the mechanisms coordinating the durations and rates of cell differentiation 
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processes remain unknown. For wall thickening, a mechanism linking the rate of 
secondary wall deposition to the date of apoptosis may explain the observed 
coupling (Cuny & Rathgeber 2016; Groover & Jones 1999). But why and how 
this coupling is broken during latewood formation is unexplained (Cuny et al. 
2014). 
Thinking about the coupling, the question arises why do conifers put such 
efforts in maintaining their tree-ring structure instead of, for example, adjusting 
the number of cells. This strategy makes sense when viewed from a functioning 
standpoint, where a moderate change in cell dimension can trigger a dramatic 
change in functioning. For example, assuming tracheids behave as capillary tubes, 
the conductivity scales with the lumen diameter to the 4th power (Hagen-
Poiseuille law; Sutera & Skalak 1993). Hence, a two-fold decrease in lumen 
diameter implies a 16-fold decrease in conductivity. In other words, 16 cells 
would be needed to achieve the conductivity of a single cell having a two times 
wider lumen. 
We used the relationships presented in Figure 4.4 to simulate the average 
dimensions and associated properties of tracheids at two theoretical sites (cold 
and warm) representing a 5 °C gradient. To assess the implications of the observed 
kinetics regulation, we then performed this exercise for the cold site, but using 
durations of the warm site. We estimate that without adjustment in the durations 
of cell differentiation processes, trees growing at the cold site would produce 
earlywood tracheids with approximately two times smaller lumen areas than at 
warm site, implying nearly a four-fold reduction in conductivity (Figure 4.6). In 
reality, the duration adjustments allow producing cells with only 1.3 times smaller 
lumen areas and less than a two-fold reduction in conductivity. Simulations also 
reveal that duration adjustments allow increasing cell reinforcement and hydraulic 
safety of tracheids at the cold site (Figure 4.6). This makes sense with the 
necessity to increase resistance to frost-induced embolism by avoiding wall 
collapse under negative pressure (Charra-Vaskou et al. 2016). 
Despite the compensatory mechanisms at play in the kinetics of cell 
development processes, anatomical differences were observed between the 
different thermal environments: trees growing at colder sites produced xylem cells 
having lower dimensions (cell area, wall area, wall thickness, and lumen area). 
Moreover, because of the breakdown of the coupling between rates and durations 
of wall thickening, latewood tracheids were particularly sensitive to temperature. 
Such result contribute to explain why the maximal wood density - a 
dendrochronological parameter tightly connected to the anatomy of latewood 
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tracheids - is particularly well related to temperature conditions and so useful as 
a proxy for paleoclimates (Briffa et al. 1998; Frank & Esper 2005; Hughes et al. 
1984). 
 
Figure 4.6 Morphology and associated derived cell functional performance of the earlywood 
xylem cells produced in European larch and Norway spruce simulated according to three 
scenarios (warm, cold and cold without compensation). Simulated tracheids were built using 
the relationships presented in Figure 4.4 and assuming a 5° C thermal gradient between the 
“warm” and “cold” scenarios. The “cold without compensation” scenario corresponds to the 
simulations performed for the theoretical cold site, but using the durations of the theoretical 
warm site in order to test the effect of the compensation played by the duration on the final cell 
dimensions and associated functions. The cell, wall and lumen cross-sectional areas (CCA, 
WCA and LCA), and the tangential wall thickness (WTT) of the simulated tracheids are given. 
Our study reveals and quantifies the strong response of xylogenesis kinetics 
to the thermal environment. The compensation observed between rates and 
durations of tracheid differentiation notably appears as an essential mechanism 
that allows conifers to cope with environmental change. In addition to the role in 
dealing with seasonal climatic variations (Cuny & Rathgeber 2016) and 
mitigating the impacts of unusual extreme climatic events such as drought 
(Balducci et al. 2016), we show that this rate-duration compensation preserves the 
characteristic tree-ring structure optimized for mechanical stability and water 
transport across a wide range of thermal conditions. This study thus provides new 
fundamental insights into tree growth, as well as mechanistic understanding on 
response of trees to climate change.  
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Figure S4.1 Location of the studied site. The DNN (Donon, Vosges Mountains, France) 
location includes three sites staged from 370 m to 650 m a.s.l., while the LTAL (Lötschental, 
Alps, Switzerland) location includes nine sites staged from 800 to 2200 m a.s.l. on both north 
(N) and south (S) aspects.  
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Figure S4.2 Overview of the information inferred by the approach applied along the thermal 
gradient for every site, year and species. For each xylem cell along a tree ring, the timing, 
duration, and rate of its enlargement and wall thickening are calculated. This allows linking cell 
anatomy with the co-occurring thermal conditions. 
Table S4.1 Covariance analyses of the relationships between the site mean annual temperature 
(Tsite) and the onset of wood formation between the two species. Points and asterisks highlight 
significant effects (• for p <0.1, * for p <0.05, ** for p <0.01 and *** for p <0.001). 
Relationship between mean site temperature and beginning of cell enlargement period 
Source Df Sum of squares Mean Squares F p-value 
Tsite 1 2699 2699 254.68 <0.001*** 
Tree species 1 56 56 5.32 <0.05* 
Tree age 1 71 71 6.67 <0.05* 
Residuals 15 159 11     
Relationship between mean site temperature and beginning of wall thickening period 
Tsite 1 3666 3666 734.68 <0.001*** 
Tree species 1 268 268 53.78 <0.001*** 
Residuals 16 80 5     
Relationship between mean site temperature and beginning of mature period 
Tsite 1 5913 5913 900.26 <0.001*** 
Tree species 1 303 303 46.12 <0.001*** 
Residuals 16 105 7     
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Table S4.2 Covariance analyses of the relationships between temperature and cell kinetics for 
species and wood tissue (earlywood and latewood). TE= cell enlargement; TW= wall 
thickening); rE and dE= rate and duration of cell enlargement, rW and dW= rate and duration of 
wall thickening. Points and asterisks highlight significant effects (• for p <0.1, * for p <0.05, ** 
for p <0.01 and *** for p <0.001). 
Relationships between TE and rE 
Source Df Sum of squares Mean Squares F p-value 
TE 1 21844 21844 32.63 <0.001*** 
Wood tissue 1 14130 14130 21.12 <0.001*** 
Tree species 1 72 72 0.11 0.74 
Wood tissue:Tree species 1 3541 3541 5.29 <0.05* 
Residuals 33 22093 669     
Relationships between TE and dE 
TE 1 251 251 134.52 <0.001*** 
Wood tissue 1 327 327 175.71 <0.001*** 
Tree species 1 52 52 27.84 <0.001*** 
TE:Wood tissue 1 7 7 3.60 <0.1• 
Residuals 33 61 2     
Relationships between TW and rW 
TW 1 658 658 108.64 <0.001*** 
Wood tissue 1 1183 1183 195.37 <0.001*** 
Tree species 1 139 139 23.00 <0.001*** 
Tree height 1 51 51 8.48 <0.01** 
TW:Wood tissue 1 35 35 5.81 <0.05* 
Wood tissue:Tree species 1 23 23 3.72 <0.1• 
Residuals 31 188 6     
Relationships between TW and dW 
TW 1 2493 2493 189.55 <0.001*** 
Wood tissue 1 5071 5071 385.54 <0.001*** 
Tree species 1 163 163 12.41 <0.01** 
Tree height 1 169 169 12.84 <0.01** 
TW:Wood tissue 1 51 51 3.90 <0.1• 
Wood tissue:Tree species 1 69 69 5.25 <0.05* 
Residuals 31 408 13     
 
Figure S4.3 Kinetics of the 
processes of xylem cell 
development as a function of 
soil relative extractable water 
(REW). Each parameter of the 
kinetics of a process, including 
cell enlargement rate (a), wall 
thickening rate (b), duration of 
cell enlargement (c) and 
duration of wall thickening (d), 
is expressed as a function of the 
mean soil REW experienced 
during process realization. 
Each point represents the site 
and species average for 
earlywood (EW) or latewood 
(LW) cells.  
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Figure S4.4 Tree-ring structure of the two coniferous species along the thermal gradient. (a) 
Average evolution of cell cross-sectional area and tangential wall thickness along the tree rings 
of the two species at each site of the gradient. (b) Pictures of tree rings of the two species at the 
bottom and too of the LTAL location.  
Table S4.3 Covariance analyses of the relationships between temperature and cell dimensions 
for species and wood tissue (earlywood and latewood). TE= cell enlargement; TW= wall 
thickening); TDiff= mean temperature during cell differentiation; CCA= cell cross-sectional area; 
WCA= wall cross-sectional area; LCA= lumen cross-sectional area; WTT= tangential wall 
thickness. Points and asterisks highlight significant effects (• for p <0.1, * for p <0.05, ** for p 
<0.01 and *** for p <0.001). 
Relationships between TE and CCA 
Source Df Sum of squares Mean Squares F p-value 
TE 1 627839 627839 47.29 <0.001 *** 
Wood tissue 1 10887122 10887122 820.07 <0.001 *** 
Tree species 1 1492942 1492942 112.46 <0.001 *** 
Tree height 1 69443 69443 5.23 <0.05 * 
Wood tissue:Tree Species 1 560197 560197 42.20 <0.001 *** 
Residuals 32 424828 13276     
Relationships between TW and WCA 
TW 1 37064 37064 37.00 <0.001 *** 
Wood tissue 1 66447 66447 66.33 <0.001 *** 
Tree species 1 271949 271949 271.49 <0.001 *** 
Tree height 1 10660 10660 10.64 <0.01 ** 
TW:Wood tissue 1 5186 5186 5.18 <0.05 * 
Residuals 32 32054 1002     
Relationships between Tdiff and LCA 
Tdiff 1 1083523 1083523 183.31 <0.001 *** 
Wood tissue 1 8345297 8345297 1411.83 <0.001 *** 
Tree species 1 570048 570048 96.44 <0.001 *** 
Tree height 1 41302 41302 6.99 <0.05 * 
Tdiff:Wood tissue 1 15647 15647 2.65 <0.1 • 
Wood tissue:Tree species 1 499575 499575 84.52 <0.001 *** 
Residuals 31 183241 5911     
Relationships between Tdiff and WTT 
Tdiff 1 4.94 4.94 53.58 <0.001 *** 
Wood tissue 1 38.37 38.37 416.39 <0.001 *** 
Tree species 1 9.94 9.94 107.90 <0.001 *** 
Tdiff:Wood tissue 1 0.64 0.64 6.91 <0.05 * 
Wood tissue:Tree species 1 4.16 4.16 45.12 <0.001 *** 
Residuals 32 2.95 0.09     
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Figure S4.5 Cell production and 
wood formation phenology. (a) 
Number of xylem cells produced 
each year at the sites along the 
gradient (sites ordered by 
increasing altitude). (b) 
Relationship between the annual 
cell production and the daily rate of 
cell production. (c) Relationship 
between the annual cell production 
and the onset of wood formation. 
(d) Relationship between the 
annual cell production and the 
cessation of cell production. For 
each panel, every point represents 
the site and species average, while 
the bars symbolize the associated 
standard deviations. 
 
Table S4.4 Covariance analysis of the relationship between the mean daily rate of cell 
production and the annual number of xylem cells between the two species. Points and asterisks 
highlight significant effects (• for p <0.1, * for p <0.05, ** for p <0.01 and *** for p <0.001). 
Source Df Sum of squares Mean Squares F p-value 
Rate 1 4669 4669 72.80 <0.001 *** 
Tree age 1 219 219 3.42 <0.1 • 
Residuals 16 1026 64     
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Abstract 
Trees play a key role in the global hydrological cycle and measurements 
performed with the thermal dissipation method (TDM) have been crucial in 
providing whole-tree water use estimates. Yet, different data processing to 
calculate whole-tree water use encapsulate uncertainties that have not been 
systematically assessed. We quantified uncertainties in conifer sap flux density 
(Fd) and stand water use caused by commonly applied methods for deriving zero-
flow conditions, dampening and sensor calibration. Their contribution has been 
assessed using a stem segment calibration experiment and four years of TDM 
measurements in Picea abies (L.) Karst. and Larix decidua Mill., growing in 
contrasting environments. Uncertainties were then projected on TDM data from 
different conifers across the Northern Hemisphere. Commonly applied methods 
mostly underestimated absolute Fd. Lacking a site- and species-specific 
calibrations reduced our stand water use measurements by 37% and induced 
uncertainty in Northern Hemisphere Fd. Additionally, although the inter-daily 
variability was maintained, disregarding dampening and/or applying zero-flow 
conditions that ignored nighttime water use reduced the correlation between 
environment and Fd. The presented ensemble of calibration curves and proposed 
dampening correction, together with the systematic quantification of data-
processing uncertainties, provide crucial steps in improving whole-tree water use 
estimates across spatial and temporal scales. 
5.1 Introduction 
Accurate measurements of whole-tree water use are important as terrestrial plant 
transpiration plays a key role in the global hydrological cycle (Holbrook & 
Zwieniecki 2003; Schlesinger & Jasechko 2014; Good et al. 2015; Fatichi & 
Pappas 2017). Furthermore, measurements of whole-tree transpiration show great 
value in validating regional water-balance simulations (Wilson et al. 2001; Ford 
et al. 2007; Reyes-Acosta & Lubczynski 2013), inter-specific comparison of 
stomatal conductance behaviour (Damour et al. 2010), modelling stable isotope 
enrichment (Song et al. 2013; Sutanto et al. 2014) and mechanistically explaining 
wood formation (De Schepper & Steppe 2010; Fatichi et al. 2014; Steppe et al. 
2015). Whole-tree transpiration can be estimated by upscaling measurements of 
leaf-level transpiration or by partitioning eddy covariance flux tower data, which 
both require assumptions on crown and canopy architecture (Ansley et al. 1994; 
Hatton & Wu 1995; Lawrence et al. 2007; Matheny et al. 2014; Fatichi et al. 
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2016). The development of heat-based sap flow methods applied at the tree-stem 
level avoids these issues, and has provided whole-tree water use estimates across 
a wide range of spatiotemporal scales (Swanson 1994; Smith & Allen 1996; 
Kallarackal et al. 2013, Van de Wal et al. 2015). 
Since 1985 over 1200 studies have collected heat-based sap flow 
measurements, to assess the effect of environment on transpiration and quantify 
forest stand water use (Figure 5.1a). Due to their low cost, ease of use, low energy 
requirement, and long-term measurement potential (Oliveras & Llorens 2001; Lu 
et al. 2004), sap flow data generated with the thermal dissipation method (TDM; 
Granier 1985, 1987) far exceed any other method (Poyatos et al. 2016), including 
heat pulse velocity (Green et al. 2003), stem heat balance (Langensiepen et al. 
2014), heat field deformation (Čermák et al. 2004), heat ratio method (Burgess et 
al. 2001) and trunk segment heat balance (Smith & Allen 1996). 
TDM measures sap flux density (Fd) by inserting two axially aligned probes 
into the sapwood and determining the temperature difference between a 
continuously heated probe and the non-heated reference (expressed as ∆T [°C]). 
Fd is typically estimated by first calculating the proportional difference between 
measured ∆T (denoted as the unitless K [-]) and zero sap flow conditions (denoted 
as ∆Tmax; see Lu et al. 2004). Next, Fd is calculated from K, using a calibration 
curve (Ganier et al. 1985). Ignoring radial or circumferential profiles Fd can then 
be multiplied by the sapwood area to obtain whole-tree sap flow and potentially 
upscaled to stand water use (Granier 1987; Čermák et al. 1995; Matheny et al. 
2014). Despite its simplicity, alternatives to process raw TDM measurements (see 
Figure 5.1b) generate a range of potential Fd values, and subsequently cause 
uncertainty in the quantification of whole-tree and stand water use. Typically, one 
set of TDM probes is installed per tree, assuming this local measurement 
represents sap flow in the entire stem. Yet, in some cases, strong radial and 
circumferential variations in sap flow require the installation of additional probes 
at different sapwood depths or circumferential positions (Lu et al. 2000; 
Nadezhdina et al. 2002; Fiora & Cescatti 2006; Saveyn et al. 2008), which is not 
always considered (54% of studies do not account for this variability; see rad./circ. 
variation in Figure 5.1b). Next, it is frequently assumed that the probes are 
inserted into the sapwood, although measured ∆T can be altered when partially 
inserted into non-conducting heartwood (Lu et al. 2004). In spite of available 
correction methods (see Clearwater et al. 1999), heartwood-sapwood boundaries 
can often not be precisely defined and may vary considerably within the stem 
(17% of studies apply a correction; see heartwood presence in Figure 5.1b; 
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Longuetaud et al. 2006; Paudel et al. 2013). Finally, natural variations in thermal 
conditions may alter ∆T (Köstner et al. 1998; Do & Rocheteau 2002; Vergeynst 
et al. 2014), which can be resolved, although this often requires more specialized, 
expensive and often energy demanding sap flow methods (e.g., Nourtier et al. 
2011; Lubczynski et al. 2012; Vandegehuchte & Steppe 2012). 
 
Figure 5.1 Literature review of heat-based sap flow methods. The search terms; “Stem”, “Tree” 
and “Sap flow”, were used in Scopus and Web of Science (www.webofknowledge.com and 
www.scopus.com; accessed on 01-12-2016). (a) Temporal development of the (major) applied 
methods from 1985-2015, including: Thermal Dissipation Method (TDM), Heat Pulse Velocity 
(HPV), Stem Heat Balance (SHB), Heat Field Deformation (HFD), Heat Ratio Method (HRM), 
and Trunk Segment Heat Balance (TSHB). (b) Sankey diagram revealing the proportion of 
studies from 2010-2016 within forests and plantations using TDM measurements, grouped 
according to region, species and different assumptions (175 studies). We noted; the study 
location, the study tree species, whether corrections were made for radial or circumferential 
variation (Rad./circ. cor.), whether corrections were applied for probes inserted into heartwood 
(see Clearwater et al. 1999), the temporal extent of the measurements (equal and longer or 
shorter than one growing season; Gr. Season), whether the original (Granier 1985) or a species-
specific calibration was used to calculate sap flux density, and the assumptions for estimating 
zero-flow conditions (∆Tmax). For ∆Tmax assumptions we noted the use of the predawn and 
environmental dependent (Env. depend.) method or whether the applied assumption was not 
reported (Not rep.). Black bars indicate the most widely applied options. 
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In addition to anatomical and morphological issues related to ∆T 
measurements, data-processing procedures to calculate Fd from ∆T present 
sources of uncertainty. First, zero-flow conditions (∆Tmax) have to be defined as a 
reference. The common practise is to assume that zero-flow conditions occur pre-
dawn, neglecting nighttime activity (42% of the studies do not report the used 
zero-flow procedure; see ∆Tmax in Figure 5.1b). Yet, previous findings 
demonstrate nighttime transpiration (Caird et al. 2007; Novick et al. 2009; 
Berkelhammer et al. 2013). Due to the way in which K and Fd are calculated, a 
small change in nighttime activity could result in large offsets in daily Fd (Rabbel 
et al. 2016). This argues for the application of environmentally or tree 
physiologically based criteria to define when zero flow occurs (Regalado & Ritter 
2007; Oishi et al. 2008). Second, it is often assumed that installation of the probes 
into living xylem tissue causes only slight dampening of the signal due to probes 
burrowing deeper into the wood and wounding response that could alter K (Moore 
et al. 2010; Wullschleger et al. 2011; Wiedemann et al. 2016). Yet, most studies 
with a duration equal to or longer than one growing season (58% of studies; see 
duration in Figure 5.1b) do not account for these effects (Lu et al. 2004). Finally, 
most studies use the empirical calibration curve established by Granier (1985) to 
calculate Fd (90% of studies; see calibration in Figure 5.1b). Nonetheless, multiple 
studies contest its validity and propose species-specific calibrations (Bush et al. 
2010; Steppe et al. 2010; Sun et al. 2012; Ma et al. 2017). Many different 
combinations of these data-processing procedures are applied in the literature 
(Figure 5.1b), which might jeopardize climate-response analyses (Poyatos et al. 
2005), inter-species comparisons (Kunert et al. 2010; Brinkmann et al. 2016) or 
large-scale data collection initiatives (Poyatos et al. 2016). Although general 
reviews exist and individual data-processing procedures have been analysed, a 
systematic quantification on the impact of different combinations of data 
processing on TDM sap flow data is lacking. 
In a systematic analysis, this study aims to quantify the impact of 
commonly applied data-processing procedures on sap flow estimates derived from 
single-point TDM measurements. In particular, in conifers, we (i) assess the effect 
of four commonly used methods to define zero-flow conditions on K, (ii) quantify 
the magnitude of K dampening and propose a correction, (iii) compare species-
specific calibration curves to calculate Fd with previous studies, and (iv) quantify 
the uncertainty generated by combinations of these procedures on Fd, stand water 
use and inter-daily Fd variability compared to common practises. Four years of 
TDM sap flow measurements from Picea abies and Larix decidua, collected 
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under contrasting field conditions in the Lötschental (Switzerland), were used for 
the uncertainty analysis. Additionally, a laboratory controlled stem calibration 
experiment was performed to analyse the heat dissipation properties of the wood 
and the results were compared with existing calibration curves. Observed 
uncertainties were propagated to TDM datasets collected from conifers across the 
Northern Hemisphere to illustrate the importance of carefully selecting TDM 
data-processing methods when estimating Fd. 
5.2 Materials and methods 
Study design and site description 
To analyse the uncertainty caused by (i) data-processing procedures to calculate 
zero-flow conditions, (ii) signal dampening and (iii) applied calibration curves on 
K, Fd and stand water use, we continuously monitored sap flow in 27 conifer trees 
in the Lötschental for four years. This inner Alpine valley in Switzerland 
(46°23′40″N, 7°45′35″E) is covered by a mixed forest of deciduous Larix decidua 
Mill. and evergreen Picea abies (L.) Karst. We collected measurements from 
contrasting thermal and soil moisture conditions, as consistent differences in 
environmental conditions might promote nighttime activity and the magnitude of 
the dampening response. A total of five sites were selected along an elevational 
gradient, with colder conditions at higher elevations and contrasting dry and wet 
conditions in the valley bottom (Table 5.1; King et al. 2013a). 
A calibration curve was established for each tree species to calculate Fd 
using a laboratory calibration experiment on fresh cut-stem segments. The 
segments, collected from four trees per species, were harvested at the Centre for 
Studies on Alpine Environment of the University of Padova located in the 
Dolomite mountain region (Italy, San Vito di Cadore; Table 5.1), as harvesting 
stems in the Lötschental was logistically difficult. Although smaller in diameter, 
P. abies and L. decidua trees were selected with similar recent ring widths as 
observed in the Lötschental monitoring trees (Table 5.1). 
The uncertainty introduced through data-processing methods for zero-flow 
conditions and sensor calibration was calculated for TDM datasets collected 
across the Northern Hemisphere for three conifer genera (Table 5.2). This analysis 
included datasets from Europe and North America. In total, 131 individual trees 
from 18 sites were included with climatic conditions ranging from 1.4-19.8 °C 
mean annual temperature and 428-1452 mm mean annual precipitation (Table 5.2) 
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Table 5.1 Overview of sites and monitored trees. Mean ring width was calculated for the last 2 
cm of wood, covering the extent of the inserted thermal dissipation probes. The three Larix 
decidua and Picea abies trees at each Lötschental site were continuously monitored from 2012-
2015. Four trees from San Vito di Cadore were used for the cut stem segment calibration. See 
Table 5.2 for site coordinates and climatic conditions. Site codes LOT= Lötschental and SVD= 
San Vito di Cadore, - = no data available, and DBH= diameter at breast height. 
Site Site 
code 
Elevation 
[m a.s.l.] 
Species Age 
[years] 
DBH 
[cm] 
Height 
[m] 
Sapwood 
thickness 
[cm] 
Ring width 
[cm yr-1] 
Switzerland, 
Lötschental 
 
N13W 1300 
(Wet) 
L. decidua 148 164 134  78 89 52  28 33 26  2.2 2.4 2.4  0.06 
 P. abies 85 81 109  81 63 81  30 34 34  9.1 6.9 9.0  0.26 
N13 1300  
(Dry) 
L. decidua 131 128 131  30 32 31  20 19 19  1.5 1.8 1.6  0.06 
 P. abies 90 93 87  31 37 48  15 20 19  2.5 5.3 5.1  0.13 
S16 
1600 
L. decidua 371 69 69  75 39 42  32 25 24  3.5 2.6 3.7  0.16 
 P. abies - 62 461  45 38 56  22 25 24  2.0 4.2 2.0  0.14 
S19 
1900 
L. decidua 200 326 170  48 49 36  24 22 26  3.2 1.8 2.6  0.08 
 P. abies 137 229 245  34 48 37  25 25 21  1.7 5.5 3.6  0.06 
S22 2200 L. decidua 269 280 295  47 56 46  18 17 17  2.4 3.1 1.8  0.09 
Italy,  
San Vito di Cadore 
1000 
L. decidua 28 91 30 62 15 17 16 18 17 19 15 20 2.9 1.7 1.6 1.1 0.12 
P. abies 50 35 73 28 16 16 20 12 18 16 14 9 3.1 5.0 3.3 2.8 0.13 
Field measurements 
At each Lötschental site, three mature dominant trees per species were selected 
for continuous sap flow monitoring from May 2012 until October 2015 (Table 
5.1). New TDM probes were additionally installed with a horizontal distance of 
10-15 cm away from the initial probes on four trees to assess dampening effects 
(one per species at S19 and N13 in June 2015). Environmental conditions were 
monitored at each site with a 15 to 60 minute interval (King et al. 2013b). A 
radiation-shield covered sensor was installed on a central tower (≈2.5 m above the 
ground) within the canopy to measure both air temperature (T [°C]) and relative 
humidity (RH [%]; Onset, USA, U23-002 Pro), used to calculate vapour pressure 
deficit (D [kPa]; see WMO 2008). Soil volumetric water content was measured 
hourly with five sensors at 10 and 70 cm depth in the centre of each site (θ [%]; 
Decagon, USA, EC-5). Solar irradiance (Rg [W m-2]) was measured hourly in an 
open field at N13 using a micro-station (Onset, USA, H21-002 Micro Station) and 
pyranometer (Onset, USA, S-LIB-M003). Daily precipitation data was obtained 
from the nearest weather stations, where the distance to the site was used to 
calculate a weighted mean from the nine included stations (ranging from 6 to 43 
km; Federal Office of Meteorology and Climatology MeteoSwiss). 
For upscaling to whole-tree water use, sapwood thickness [cm] and ring 
width [mm] were measured from two increment wood cores taken perpendicular 
to the slope at breast height from the monitored trees (avoiding the slope-facing 
side with installed probes) and trees surrounding the site (see Peters et al. 2017). 
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Sapwood area was used for upscaling Fd to whole-tree water use, while ignoring 
radial and circumferential variability. For upscaling to stand water use, diameter 
at breast height (DBH) measurements were taken from all trees within 20 m (at 
S22), 15 m (at S19 and S16) and 10 m (at N13 and N13W) radius fixed plots, and 
used in combination with sapwood allometric relationships (Figure S5.1; see 
Čermák et al. 1995). 
Thermal dissipation method 
Sap flux density (Fd [cm3 cm-2 h-1]) was measured using commercially available 
TDM probes (see Granier 1985; TeSAF, University of Padova, Italy). Two 20 mm 
long stainless steel probes, with a 2 mm diameter, were radially inserted into the 
xylem, with a vertical distance of 10 cm on the slope-facing side of the stem at 
≈1.6 m height. The temperature difference between the continuously heated upper 
and unheated lower probe was measured (∆T [°C]) and stored with a 15-minute 
resolution on a data logger (Campbell Scientific, USA, CR1000). The maximum 
∆T (∆Tmax [°C]) was used to obtain K [-] according to Equation 1. K can be 
calibrated to obtain Fd using a power-type relationship with α [cm3 cm-2 h-1]= 
42.84 (0.0119 [cm3 cm-2 s-1] × 3600) and β [-]= 1.231 (Granier 1985), according 
to Equation 2. 
𝐾 =
∆𝑇max −  ∆𝑇
∆𝑇
 
(Eq. 1) 
𝐹d = 𝛼 ∙ 𝐾
𝛽 (Eq. 2) 
∆T was corrected (denoted as ∆Tsw [°C]) for the proportion of the probe that was 
inserted in the sapwood (γ [cm cm-1]) versus the proportion in the inactive 
heartwood and used instead of ∆T in Equation 1 (Clearwater et al. 1999): 
∆𝑇sw =
( ∆𝑇 −  (1 − 𝛾)  ∙  ∆𝑇max )
𝛾
 
  
(Eq. 3) 
Because our sensors were measuring over four years and the probes could 
progressively burrow deeper into the heartwood, γ was annually corrected for the 
ring width occurring after the installation year. For this correction we assumed 
sapwood thickness remained constant. 
  
Uncertainties in conifer sap flow measurements 
99 
 
Zero-flow conditions 
Four methods to calculate zero-flow conditions (∆Tmax) were used, including the 
daily pre-dawn (PD; Lu et al. 2004), maximum moving window (MW; Rabbel et 
al. 2016), double regression (DR; Lu et al. 2004) and environmental dependent 
method (ED; Oishi et al. 2016). The PD method was applied by selecting daily 
maximum ∆T values occurring between 00:00 and 08:00 hours (GMT) when Rg 
was below 100 W m-2. For the MW method, maximum ∆Tmax was calculated 
during an 11-day window from the pre-dawn ∆Tmax values. The DR method was 
applied by calculating the mean over pre-dawn ∆Tmax with a moving-window of 
11-days, removing all values below the mean, and calculating a second 11-day 
moving window which was used as ∆Tmax. The ED method was applied according 
to Oishi et al. (2016), where pre-dawn ∆Tmax values were selected when T was <1 
°C or D was <0.1-0.05 kPa for a period of two hours (D threshold depending on 
elevation). In addition, the coefficient of variation of pre-dawn ∆T within this 
period should be below 0.5% to ensure selection of nights with stable zero-flow 
conditions. All ∆Tmax values were visually checked for drifts or outliers cause by 
low θ or low T. 
Signal dampening detection and correction 
First, data from long-term and newly installed probes were compared with linear 
regressions to demonstrate absolute offsets and daily maximum K variability. 
Second, the long-term data collected since 2012 was used to assess dampening 
for each monitored tree. Daily maximum K was used as the dependent variable 
within a Generalized Least Squares model (GLS in the “nlme” package for R 
software version 3.2.00, R development core team 2013; Pinheiro et al. 2017), to 
account for high first-order temporal auto-correlation (see Zuur et al. 2010). As 
independent variables, we selected daily maximum D, T, daily mean θ and day of 
year (DOY; to account for changes in leaf-phenological stages). Days with a daily 
maximum K <0.05 and precipitation >1 mm d-1 were excluded from the analysis, 
as these obstructed detection of the environmental relationships. The polynomial 
structure of the model was established using the Akaike Information Criterion 
(AIC), while accounting for interactions between variables (e.g., high D coincides 
with low 𝜃). Equation 4 was used to fit a function and calculate the residual K 
(Kres [-]; observed minus fitted values; see Table S5.1) 
𝐾res = resid ( 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 +    𝜀1  ∙ 𝐷
−1 +    𝜀2  ∙ 𝑇 +  𝜀3  ∙ 𝑇
2
+    𝜀4  ∙ 𝜃
−1 +   𝜀5  ∙ DOY +  𝜀6  ∙ DOY
2 )  
   
(Eq. 4) 
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Monthly averages of Kres were calculated (to reduce first-order auto-correlation) 
and fitted to the mean time since installation (t [days]) with a third-order 
polynomial model to determine significant reductions in response to t. 
 For the study trees with a significant reduction in K (p <0.05), a tree-
specific function was fitted to generate a correction curve. To avoid overfitting 
with environmental variables, used in subsequent analyses, we only included 
seasonality (DOY) and the time since installation (t) as independent variables for 
the correction curve. A nonlinear model was fitted to the daily maximum K, 
excluding rainy days and low values to generate the correction curve (Kcor; see 
Table S5.2): 
𝐾cor =
( 𝑎 +  𝑏 ∙ 𝑡 )
(1 +  𝑐 ∙ 𝑡 + 𝑑 ∙  𝑡2)
+   𝑒 ∙ DOY + 𝑓 ∙ DOY2 
  
(Eq. 5) 
The fitted parameters for t (with a, b, c and d) were used to correct K and scale it 
to the maximum value within the first year of installation (see Figure S5.2 and 
S5.3). 
Stem segment calibration 
Calibration curves to calculate Fd were established by comparing gravimetrically 
induced flows through a stem segment against K measured with TDM probes. The 
stem segments, harvested in San Vito di Cadore, with a length of ≈1 m (≈50 cm 
above and below DBH), were transported to the laboratory in wet black plastic 
bags to prevent dehydration. Directly after harvesting, the stems were recut under 
water to ≈25 cm in length and trimmed with razor blades to reopen closed 
tracheids. The stem segments were used for calibration within a Mariotte-based 
verification system (Steppe et al. 2010). In short, a water-filled flask was 
connected to a plastic cylinder via flexible tubing, functioning as a siphon. The 
horizontal height of the flask was adjusted to deliver a specific water flow to a 
cylinder attached to the top of the stem segment with installed TDM probes, 
producing a constant pressure head. 
Within a temperature-controlled environment, no water flow was applied 
during a 10 hour period to generate zero-flow conditions. Next, the stem segment 
was flushed with water for 2 hours until the readings stabilized. The water level 
was increased and then decreased in 2, 5, 10, 15, 25 and 30 cm (±0.5 cm) 
increments and kept constant at every level for 45 min (resulting in sap flux 
densities ranging from ≈2-45 cm3 cm-2 h-1). Finally, no flow was generated for 4 
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hours, after which post- and pre-zero flow conditions were used to determine 
∆Tmax with the TDM probes. 
A calibration curve was established by fitting a quadratic function between 
K and the gravimetric Fd (providing a better relationship compared to a power 
function; see Table S5.3 and S5.4). Mixed-effect modelling was applied to test 
for species-specific differences in the calibration parameters using the “lme4” R 
package (Bates et al. 2015), with the individual as a random factor. A literature 
review was performed on existing species-specific calibration curves in order to 
compare sampling locations, species, wood types, size of stem segments, sapwood 
properties, goodness-of-fit for the calibration curve and the calibration 
parameters. 
Uncertainty analysis and upscaling 
Uncertainty induced by different data-processing procedures on daily Fd and stand 
water use estimates was analysed by applying all available data-processing 
combinations on the Lötschental trees, including: (i) ∆Tmax calculation with PD, 
MW, DR or ED method, (ii) dampening or no dampening correction, and (iii) 
Granier’s original calibration or tree species-specific calibration. Absolute effects 
of all possible combinations on mean daily Fd (mean annual Fd in cm3 cm-2 d-1, 
averaged over all years of observation) and stand water use were calculated and 
compared to the commonly applied procedure (measuring for one growing season, 
using PD, no dampening correction and Granier’s calibration; Figure 5.1b). Mean 
annual stand water use was calculated by averaging the 15-minute Fd 
measurements per site and species and multiplying them by the species-specific 
total sapwood area per site. For addressing inter-daily variability and the 
environmental response of Fd, daily Fd averaged per species and elevation was 
correlated against mean daily D (see Oren et al. 1999a; Moore et al. 2010) with a 
third-order polynomial to obtain the changes in goodness-of-fit (expressed in R2). 
Northern Hemisphere TDM measurements (Table 5.2) were used to illustrate the 
relevance of selected data-processing procedures. As most datasets had a short 
monitoring period, no dampening correction was applied and measurements from 
first year after sensor installation were used (except for VAL and TIL due to data 
gaps; see Table 5.2). The 99th quantile was determined for the maximum daily Fd 
calculated for all individuals from K within a site (generated with the reported 
∆Tmax method; see Table 5.2), when using the different calibration curves 
available for softwood species, to avoid the effect of spurious outliers (excluding 
the steepest curves proposed by Lundblad et al. 2001). Additionally, for sites 
where ∆T values were provided, various daily Fd time-series were calculated by 
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using PD, MW or DR ∆Tmax and the softwood calibration curves (Table 5.2). The 
ED ∆Tmax method could not be applied due to the lack of high-quality 
environmental data. Uncertainty was quantified by calculating the mean daily Fd, 
after which the difference from the most commonly applied data-processing 
procedure was determined. 
5.3 Results 
Zero-flow conditions and the effect on K 
Offsets in ∆Tmax were observed between pre-dawn and other methods (PD in 
Figure 5.2a), with the largest differences found in L. decidua. The criteria needed 
for the environmental dependent method to determine zero-flow conditions 
(including low nighttime D or T; ED in Figure 5.2a) were in some cases not met 
for a period longer than 10 days. In these cases, the pre-dawn method resulted in 
a strong reduction in daily maximum K (squares in Figure 5.2b), as it does not 
allow for nighttime water use (circles in Figure 5.2b). The moving-window 
method showed the highest daily maximum K (MW in Figure 5.2b). 
 
Figure 5.2 Widely applied zero-flow condition procedures and their implications on K for a 
Larix decidua tree at the S19 in the first week of June 2012. (a) Raw ∆T measurements 
(expressed in mV instead of °C; see Lu et al. 2004) and ∆Tmax determined by using the pre-
dawn maximum (PD), an 11-day moving window (MW), the double regression method (DR) 
and the environmental dependent method (ED). (b) Implications of the different ∆Tmax methods 
on the resulting K (using Equation 1). Grey circles reveal times when nighttime sap flow activity 
could be expected and the implication on daily maximum K (grey squares).  
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Table 5.2 Overview of Northern Hemisphere sap flow measurements for the genera Picea, 
Larix and Pinus used for the uncertainty analysis. Latitude and longitude are provided in 
decimal degrees. Only dominant and co-dominant individuals are included within the analysis. 
Methods include: MW= moving window, DR= double regression and ED= environmental 
depended. The selected years, average DBH and number of individual trees are provided. Site 
conditions are described with elevation, mean annual temperature and total annual precipitation. 
No raw ∆T values were obtained for sites indicated with a * symbol. 
Site Country Lat. Long. Species Method Year DBH 
[cm] 
Trees 
[#] 
Elev. 
[m a.s.l.] 
Temp. 
[°C] 
Prec. 
[mm] 
Source 
 
Picea 
            
SOBS Canada 53.987 -105.118 
Picea 
mariana 
ED 2016 12 9 598 1.4 428 
Pappas et al.  
(2018) 
LOTS19 Switzerland 46.400 7.746 
Picea 
abies 
ED 2012 40 3 1900 3.9 872 
King et al. 
(2013a) 
LOTS16  46.397 7.755    47 3 1600 5 872  
LOTN13W  46.400 7.764    75 3 1300 5.5 872  
LOTN13  46.392 7.761    39 3 1300 5.7 872  
SVD* Italy 46.450 12.214 
Picea 
abies 
MW 2008 - 2 1050 7 866 
V. Carraro et al. 
unpublished 
VISP Switzerland 46.303 7.741 
Picea 
abies 
DR 2014 37 3 800 9.2 581 
King et al. 
(2013a) 
HOF Switzerland 47.467 7.500 
Picea 
abies 
MW 2014 60 4 550 10.5 990 
Pepin & Körner 
(2002) 
 
Larix 
            
SOBS Canada 53.987 -105.118 
Larix 
laricina 
ED 2016 18 9 598 1.4 428 
Pappas et al.  
(2018) 
LOTS22 Switzerland 46.400 7.743 
Larix 
decidua 
ED 2012 49 3 2200 3.2 872 
King et al. 
(2013) 
LOTS19  46.397 7.746    44 3 1900 3.9 872  
LOTS16  46.397 7.755    52 3 1600 5 872  
LOTN13W  46.394 7.764    73 3 1300 5.5 872  
LOTN13  46.392 7.761    31 3 1300 5.7 872  
SVD* Italy 46.450 12.214 
Larix 
decidua 
MW 2008 - 2 1050 7 866 
V. Carraro et al. 
unpublished 
VISP Switzerland 46.303 7.741 
Larix 
decidua 
DR 2014 47 3 800 9.2 581 
King et al. 
(2013a) 
HOF Switzerland 47.467 7.500 
Larix 
decidua 
MW 2015 50 4 550 10.5 990 
Pepin & Körner 
(2002) 
 
Pinus 
            
SVD Italy 46.450 12.214 
Pinus 
sylvestris 
MW 2008 - 2 1050 7 866 
V. Carraro et al. 
unpublished 
VAL Spain 42.196 1.814 
Pinus 
sylvestris 
MW 2004 19 10 1257 7.3 924 
Poyatos et al. 
(2005) 
HIN Germany 53.332 13.192 
Pinus 
sylvestris 
ED 2012 58 8 95 8 572 
Ford et al. 
(2004) 
HOF Switzerland 47.467 7.500 
Pinus 
sylvestris 
MW 2014 39 4 550 10.5 990 
Pepin & Körner 
(2002) 
MTL USA 32.417 -110.725 
Pinus 
strobiformis 
DR 2014 - 3 2573 11 800 
Brown-Mitic et 
al. (2007) 
MTL USA 32.417 -110.725 
Pinus 
ponderosa 
DR 2014 29 3 2573 11 800 
TIM Spain 41.333 1.014 
Pinus 
sylvestris 
ED 2010 42 10 1018 11.3 664 
Poyatos et al. 
(2013) 
TIL Spain 41.328 1.007 
Pinus 
sylvestris 
ED 2010 38 9 1065 11.3 664 
Aguadé et al. 
(2015) 
CAN Spain 41.431 2.074 
Pinus 
halepensis 
ED 2011 34 3 270 15.2 608 
Sánchez-Costa 
et al. (2015) 
UMBS* USA 45.600 -84.700 
Pinus 
strobus 
MW 2015 22 4 236 5.9 796 
Matheny et al. 
(2014) 
PER* USA 30.200 -89.300 Pinus taeda MW 2013 15 12 14 19.8 1452 
Wightman et al. 
(2016) 
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Dampening effect on absolute value and inter-daily variability of K 
Comparison of new and long-term installed TDM probes at S19 and N13 (Figure 
5.3a), revealed that all L. decidua trees showed steeper slopes than the 1:1 line, 
indicating dampening of mean daily K although the slope was tree-specific (N13= 
1.42 in Figure 5.3b and S19= 3.41). For P. abies, one tree showed dampening 
(N13= 3.13, see Figure 5.3b), while another individual presented a shallower 
slope (S19= 0.61), showing little reduction in mean daily K. However, similar 
variability of mean daily K was observed even after four years (average R2≈ 0.8, 
p <0.05). 
Dampening of mean daily K was found in trees from both species 
monitored since 2012, after removing the influence of environmental factors 
(including D, T, θ, and DOY; Figure S5.2 and S5.3). The residual standard error 
(RSE) revealed that appropriate fits with environmental factors were achieved for 
all trees (mean RSE of 0.074; see Table S5.1). Only 6 out of 27 trees did not show 
a significant reduction in monthly mean Kres (Table 5.3). Although the goodness 
of fit varied among trees showing dampening (R2 ranges from 0.17 to 0.95), on 
average a 31% reduction was found when comparing maximum daily K from 
2013 with 2012 (K%2013-12 in Table 5.3). Within the first year of installation both 
L. decidua and P. abies showed a significant reduction ranging from 
approximately -0.0003 to -0.0015 mean monthly Kres per days since installation 
(t; Table 5.3). By applying a non-linear function including t and DOY (seasonal 
term), the 15-minute K-values could be corrected for trees showing a significant 
reduction (see Table S5.2). 
Species-specific calibration and literature review 
The cut-segment experiment revealed a steeper calibration curve than proposed 
by Granier (1985; Figure 5.4). A quadratic polynomial function showed the best 
fit where α= 26.236 and β= 56.495 (R2= 0.96, p <0.001). Despite P. abies showing 
a steeper relationship than L. decidua, no significant species-specific effect was 
found (see Table S5.4). Large variability in published calibration curves was 
apparent (Figure 5.4) and on average a maximum K of 1.1 was generated (see 
Table S5.5). Ring-porous calibration curves were the steepest, followed by 
diffuse-porous and softwood species (Figure 5.4). 
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Figure 5.3 Example of K (Equation 1) in function of time since installation (t [days]) for two 
trees at the site N13. (a) Mean monthly K for thermal dissipation method (TDM) probes 
installed at different times on the same tree. Open or closed circles indicate Larix decidua and 
Picea abies, while black and grey indicates the new and old sensor, respectively. (b) Linear 
correlation between daily mean K for the overlapping period between old and new TDM probes 
(installed in May 2012 and June 2015, respectively). Open and closed circles indicate the 
species as provided in (a). 
Table 5.3 Descriptive statistics of linear regressions (Kres= Int. + η1 t + η2 t2 + η3 t3), where 
monthly mean Kres (see Equation 4) for individual trees were fitted against time since 
installation (t [days]), when applying pre-dawn ∆Tmax. The slope indicates the reduction in mean 
monthly Kres for 2012 when fitting a linear function against t. Change in mean monthly K [%] 
from the first (2012) to the second (2013) year after installation, in addition to the second last 
(2014) and last year (2015) of monitoring. The - symbols indicates no data was available. 
Signiﬁcant parameters (p <0.05) are identiﬁed with the * symbol. 
Site Species Tree Int. η1 η2 η3 df R2 p Kres Slope2012 K 
%2013-12 
K  
%2015-14 
N13 P. abies 1 0.0633* -0.0003* 4.0E-07* -1.7E-10 29 0.41 0.000 -0.00043 -31 0 
2 0.0867* -0.0007* 1.2E-06* -6.7E-10* 25 0.40 0.001 -0.00046 -23 -26 
3 0.0481* -0.0002 2.0E-07 -8.7E-11 29 0.17 0.039 -0.00034 -17 -12 
L. decidua 1 0.2729* -0.0012* 1.3E-06* -4.3E-10 22 0.69 0.000 -0.00150 -38 10 
2 0.0797* -0.0004* 6.9E-07 -3.3E-10 20 0.24 0.035 -0.00068 -12 -10 
3 0.0809 -0.0009* 1.5E-06 -6.7E-10 28 0.06 0.186 -0.00029 -17 -23 
N13W P. abies 1 0.0596* 0.0002 -7.3E-07* 3.7E-10* 30 0.73 0.000 -0.00007 -7 -33 
2 -0.0208 0.0001 -2.1E-07 9.0E-11 30 0.07 0.843 0.00009 15 -1 
3 0.0512* 0.0001 -3.8E-07* 2.2E-10* 30 0.70 0.000 -0.00017 -26 -26 
L. decidua 1 0.1134* -0.0004 3.0E-07 -9.2E-11 20 0.47 0.001 0.00003 -22 -6 
2 0.1980* -0.0003 -4.8E-08 1.0E-10 21 0.72 0.000 0.00026 -32 -14 
3 0.1697* -0.0005 4.2E-07 -1.2E-10 20 0.66 0.000 -0.00027 -34 -10 
S16 P. abies 1 0.0795* -0.0002 4.9E-08 -4.7E-12 18 0.74 0.000 -0.00023 - 0 
2 0.0343 -0.0002 2.2E-07 -9.5E-11 29 0.03 0.276 -0.00005 -5 1 
3 0.1491* -0.0008* 1.3E-06* -6.9E-10* 23 0.75 0.000 -0.00089 -50 -42 
L. decidua 1 0.1232* -0.0008* 1.2E-06* -4.8E-10 15 0.68 0.000 -0.00052 - -2 
2 0.1687* -0.0008* 1.1E-06 -4.5E-10* 23 0.78 0.000 -0.00051 -49 -11 
3 0.2455* -0.0007* 1.2E-06* -7.1E-10 12 0.95 0.000 -0.00051 - -65 
S19 P. abies 1 0.0143 -0.0001 9.2E-08 -7.4E-11 19 0.00 0.422 -0.00090 -19 -15 
2 -0.0054 0.0001 -2.7E-07 1.6E-10 28 0.07 0.838 -0.00025 -10 3 
3 0.0347* -0.0001 1.2E-07 -3.9E-11 27 0.42 0.000 -0.00028 -33 3 
L. decidua 1 0.1202* -0.0006* 5.9E-07 -1.7E-10 14 0.79 0.000 -0.00110 -55 -20 
2 0.0191 -0.0001 -6.9E-08 8.8E-11 21 0.02 0.333 0.00028 -9 1 
3 0.1317* -0.0007* 1.1E-06* -5.0E-10 14 0.76 0.000 -0.00090 -52 -21 
S22 L. decidua 1 0.0239 0.0001 -2.4E-07 1.2E-10 17 0.39 0.010 0.00007 -8 -9 
2 0.1698* -0.0008* 7.9E-07* -2.4E-10 18 0.77 0.000 -0.00057 -48 6 
3 0.0916* -0.0005* 6.5E-07 -2.5E-10 17 0.45 0.004 -0.00028 -27 9 
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Figure 5.4 Calibration curves obtained from a cut-stem segment experiment and literature 
separated by wood type, including; softwood, diffuse-porous and ring-porous (see Table S5.5). 
A quadratic polynomial function best explained the calibration curve constructed in this study 
for both Picea abies and Larix decidua, where Fd= 26.236K +56.495K2 (R2= 0.96, p <0.001). 
The Granier (1985) calibration curve is highlighted, as it is the most commonly applied 
calibration (see Figure 5.1). 
Uncertainty analysis for Lötschental Fd and stand water use 
Large offsets in mean daily Fd throughout the year (growing season) were 
attributed to the used calibration method. During the four years of monitoring, 
Granier’s calibration on average reduced mean daily Fd by 39 cm3 cm-2 d-1 for L. 
decidua and 14 cm3 cm-2 d-1 for P. abies in comparison to our species-specific 
calibration (Figure 5.5a). Lower mean daily Fd was found when using the PD 
zero-flow condition, while MW produced the highest values (Figure 5.5a; change 
of 39 cm3 cm-2 d-1  for L. decidua and 13 cm3 cm-2 d-1 for P. abies), when using a 
species-specific calibration. Applying a dampening correction increased Fd by 61 
cm3 cm-2 d-1 for L. decidua and 14 cm3 cm-2 d-1 for P. abies (when using a species-
specific calibration). When considering the species-specific calibration, the ED 
method and dampening correction, on average 50, 53, 26, 34% and 14% of the 
total annual precipitation is transpired at N13, N13W, S16, S19 and S22, 
respectively. From all commonly applied TDM procedures (Figure 5.1b) using a 
species-specific calibration generated the largest offset in mean annual stand 
water use, when considering only the first year of measurement (Figure 5.6a; 
reduction from 286 mm to 207 mm). Additionally, PD ∆Tmax showed consistently 
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lower mean annual stand water use, which is mainly caused by the in- or exclusion 
of nighttime water use (Figure 5.6b; reduction of 54 mm when considering MW). 
The effect of dampening is however not pronounced when considering the 
absolute values in the first year (Figure 5.6a; reduction of 10 mm). 
 
Figure 5.5 Uncertainty analysis of data-processing procedures on mean daily Fd [cm3 cm-2 d-1] 
and inter-daily sap flux density variability (R2) arranged per species and Lötschental monitoring 
site. (a) The effect of zero-flow condition (∆Tmax), dampening correction and calibration curve 
selection on mean daily Fd. Zero-flow condition methods include: PD= pre-dawn, MW= 
moving window, DR= double regression and ED= environmental dependent. Standard 
deviation induced by the individual trees is provided with the vertical lines in the boxes. (b) 
Goodness of fit (R2) for a third-order polynomial describing the relationship between D (daily 
mean [kPa]) and daily Fd when considering the Granier (1985) calibration. 
Species-specific responses were observed in the relationship between mean 
D [kPa] and daily Fd (Figure 5.5b). A third-order polynomial could explain up to 
74% (p <0.001) of the variance for P. abies at N13W, when using PD, no 
dampening correction and Granier’s calibration, while for L. decidua this was 
only 36% (p <0.001). No distinct change in goodness of fit with D was observed 
when using Granier’s or species-specific calibration. Slight improvements in 
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correlation strength were found when correcting for dampening (Figure 5.5b; 
from 0.39 to 0.42 across species). The applied zero-flow conditions had little 
effect on P. abies, in contrast to L. decidua. Site-specific effects were found for 
P. abies where correlations with D were highest at N13W, followed by S19, S16 
and N13. For L. decidua pre-dawn ∆Tmax showed the weakest correlation to D 
compared to the other methods (Figure 5.5b). Additionally, when correlating 
nighttime D with nighttime Fd, only strong correlations were found for ED when 
considering L. decidua (R2= 0.30), DR (0.21) and MW (0.22). 
 
Figure 5.6 Effects of method combinations on average Lötschental stand water use [mm] for 
the first year of monitoring (2012). (a) Impact of data-processing assumptions compared to the 
most commonly applied method: pre-dawn zero-flow conditions (∆Tmax), no dampening 
correction and applying the Granier calibration. Data-processing procedures include; the 
application of a Species-specific or the Granier calibration, zero-flow conditions defined with 
the Moving window, Double regression (Double regr.), Environmental dependent (Env. 
depend.) or Pre-dawn method, and the absence (Uncorrected) or application (Corrected) of a 
dampening correction. (b) Contribution of nighttime sap flow for the different zero-flow 
condition methods to stand water use, when considering a species-specific calibration and 
dampening correction. The values correspond to the filled dots for the species-specific 
calibration when applying the dampening correction presented in (a), separated by site. 
Uncertainty in sap flux density on Northern Hemisphere conifers 
Including uncertainty due to calibration (Figure 5.4 softwood; excluding the 
steepest curve from Lundblad et al. 2001) had a strong effect on absolute Fd on 
the Northern Hemisphere dataset (Figure 5.7a, b). The genus Pinus showed the 
lowest maximum Fd, ranging from 11 to 239 cm3 cm-2 d-1 (Figure 5.7b), with 
highest uncertainty ranges at the PER and UMBS sites (Table 5.2). For the genus 
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Picea, maximum Fd ranged from 35 to 294 cm3 cm-2 d-1, with the greatest range 
at the SOBS and LOTS19 sites (Table 5.2). The genus Larix, the only deciduous 
conifer species in our study, showed the highest maximum Fd ranging from 56 to 
967 cm3 cm-2 d-1. 
 When comparing mean daily Fd to the most commonly applied data 
processing, the different softwood calibration curves introduced an average 
uncertainty of 31 cm3 cm-2 d-1, across species (Figure 5.7c). L. decidua showed 
the strongest offset of 51 cm3 cm-2 d-1, which increased to 75 cm3 cm-2 d-1 when 
including the uncertainty induced by ∆Tmax methods (including PD, MW and DR). 
The ∆Tmax method alone (using a Granier calibration) induced an average 
uncertainty of 10 cm3 cm-2 d-1 across species. When considering the uncertainty 
generated by both the calibration curves and the ∆Tmax methods (with a mean 
uncertainty of ∆ 45 cm3 cm-2 d-1), it becomes apparent that sites with generally 
higher K values also have larger difference between individuals (Figure 5.7c). 
5.4 Discussion 
We quantified uncertainties introduced by different data-processing procedures 
when calculating sap flux density (Fd) with the thermal dissipation method (TDM; 
Figure 5.1a). Our results show that commonly applied data processing (using pre-
dawn zero-flow conditions, absence of dampening correction and Granier’s 
calibration; Figure 5.1b) likely underestimates Fd. Additionally, incorrect 
handling of zero-flow conditions and dampening of the signal may introduce 
inaccuracies in inter-daily variability of whole-tree transpiration rates, although 
the temporal dynamics and relative inter-specific variability of Fd is well captured. 
Differences in Fd caused by zero-flow condition assumptions 
Determination of ∆Tmax requires informed assumptions on when zero-flow 
conditions occur (see Figure 5.2). The effect of applying different methods for 
estimating ∆Tmax on mean daily Fd is most pronounced when comparing pre-dawn 
(PD) ∆Tmax, which produced the lowest values, to other zero-flow condition 
procedures (Figure 5.2a). The moving-window (MW) method provides the 
highest absolute values in mean daily Fd. However, the MW method can be 
significantly affected by thermal drifts and changes in stem water content 
(Vergeynst et al. 2014), increasing ∆Tmax for an extensive temporal period and 
thus adding uncertainty (Rabbel et al. 2016). Also, for L. decidua the correlation 
with vapour pressure deficit (D) consistently decreased when using the PD 
method (e.g., from 0.40 to 0.28 R2 for S19 when applying a dampening correction; 
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Figure 5.5b) in contrast to P. abies. Although the mechanism behind this species-
specific difference is unclear, one explanation could be the larger water storage 
capacity of L. decidua which requires longer refilling during the night (Zweifel & 
Häsler 2001; Meinzer et al. 2009; Zheng et al. 2014). These results are in 
agreement with findings of Kavanagh et al. (2007) for L. occidentalis, showing 
the occurrence of nighttime transpiration which impacted ∆Tmax. 
 
Figure 5.7 Uncertainty analysis on the Northern Hemisphere sap flow data. (a) Map indicating 
the included research sites and species. (b) Maximum of daily sap flux density (99th quantile of 
Fd [cm3 cm-2 d-1]) and the uncertainty generated by calibration curves (see softwood in Figure 
5.4) for three conifer genera; Picea, Larix and Pinus. The dots indicate Granier’s calibration for 
every individual tree, while the grey area is the maximum range generated by the different 
softwood calibration curves for all trees within the site (used zero-flow conditions are presented 
in Table 5.2). Additionally, reported literature values are described in Wullschleger et al. (1998) 
and Kallarackal et al. (2013). (c) Uncertainty of the mean daily Fd, when comparing commonly 
applied data processing (Granier calibration and pre-dawn ∆Tmax) against other softwood 
calibrations (see Figure 5.4) and ∆Tmax methods (PD, MW or DR; see Figure 5.2). Positive 
uncertainty is determined when using the Granier calibration and different ∆Tmax methods 
(Granier - ∆Tmax), using different softwood calibrations with PD (Calibr. - PD) and when both 
are variable (Calibr. - ∆Tmax). Negative uncertainty is determined for Calibr. - PD, as the data 
was standardized to PD which provides the lowest values. Each dot connected by grey lines 
represents a site, in which the standard deviation induced by the individual trees is presented 
with horizontal black lines. A detailed descriptions of the sites is presented in Table 5.2.  
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Although it is difficult to differentiate between refilling of the storage tissue 
and actual nighttime transpiration (De Schepper and Steppe 2010), the 
improvement in correlation between daily Fd and D when not using the PD 
method suggests nighttime activity (Figure 5.5b). Evidence for nighttime activity 
provided by flux tower data supports our findings (see Novick et al. 2009). 
Although in conifers the nighttime to daytime transpiration fraction is relatively 
small (≈5% of total stand water use), its inclusion has a profound effect on the 
annual stand water use (∆67 mm when comparing PD to MW in Figure 5.6b). 
When environmental measurements are available, it is advised to apply the 
environmental dependent (ED) method (Oishi et al. 2016), as it provides 
independent evidence for selecting periods with zero-flow conditions. If not 
available, the double regression (DR) method appears to perform well, as both 
daily Fd values and its intra-daily variability lies closest to the ED method (Figure 
5.5), although being dependent upon the subjective selection of a window size. 
On the causes of apparent signal dampening 
We found a significant dampening in TDM-measured K, which reduces climate-
Fd relationships (Figure 5.5b), although inter-daily K variation appeared to be 
preserved (Figure 5.3b; Oliveras & Llorens 2001). K decreased up to 55% after 
the first year of measurement (Table 5.3) and stabilized afterwards (e.g., Figure 
5.3a). Also, ∆T consistently increased, indicating a reduced heat dissipation from 
the upper probe to the surrounding sapwood. The signal dampening and increase 
in ∆T can be explained by either the sensor being burrowed deeper into wood with 
lower water conductance (Phillips et al. 1996; Beauchamp et al. 2013; Berdanier 
et al. 2016), or due to a wound reaction (Wiedemann et al. 2016). Although our 
probes are progressively grown deeper into the xylem, we find this alone unlikely 
to explain the strong dampening patterns observed only in the first year after 
installation. Additionally, the slow growth rates of the monitored trees (≈1 mm 
year-1 while the probes are 20 mm in length; see Table 5.1) are not expected to 
cause burrowing rates which can explain a K reduction of >50%. Although visual 
confirmation of wound tissue formation or resin build-up is needed (see Marañón-
Jiménez et al. 2017), we hypothesize that wound reaction occurring in these 
coniferous species play a major role in altering the thermal properties and reduces 
the overall water conductance (Moore et al. 2010; Wullschleger et al. 2011). 
It is difficult to establish generally applicable corrections, as wound 
reactions are likely tree-specific and influenced by abiotic factors and phenology, 
among others (Wiedemann et al. 2016; Marañón-Jiménez et al. 2017). To avoid 
the effect of wound reaction a common practise is to reinstall the probes every 
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year (Köstner et al. 1998; Moore et al. 2010). This however may cause issues due 
to circumferential variability (Oliveras & Llorens 2001). We thus propose using 
our statistical correction procedure (Equation 5) which helped to isolate the 
dampening signal, when longer-term measurements are conducted, and only 
reinstalling sensors if circumferential variability is low. However, caution is 
required for long-term installation with fast-growing species, as the probes will 
likely grow deeper into the heartwood, and for diffuse- or ring-porous species, as 
these may exert stronger radial variation in Fd (Beauchamp et al. 2013; Berdanier 
et al. 2016). Further studies should experimentally test the validity of our 
proposed correction to corroborate that it can be appropriately applied in 
monitoring studies, better revealing long-term effects (i.e., climatic) on plant 
water transport. 
Calibration curve comparison 
Our species-specific calibration curve demonstrates that Granier’s calibration 
(Granier 1985) produces lower Fd for a given K (Figure 5.4). This causes a change 
in the exponent of the TDM calibration curve (Equation 2; we used Fd= 26.236K 
+56.495K2) with implications for the magnitude of fluxes. In some cases, an 
underestimation of 50% was reported (Paudel et al. 2013), while we found a 37% 
underestimation (Figure 5.5a; difference in stand water use of 71 mm yr-1). In 
softwood species, the steepest calibration curve was found by Lundblad et al. 
(2001), but caution should be taken as this calibration curve was established by 
comparing TDM and the trunk segment heat balance (TSHB), assuming that the 
latter has no methodological issues (Poyatos et al. 2005; González-Altozano et al. 
2008; Renninger & Schäfer 2012). Cut-stem segment experiments also do not 
fully portrait natural conditions occurring in the stem, as there might be 
differences between applying suction or gravimetric pressure to generate flow 
(Fuchs et al. 2017), which should be investigated. 
No species-specific difference between P. abies and L. decidua was found 
in the calibration curves (Figure 5.4). However, our literature review reveals 
steeper calibration curves for denser wood types, with the steepest curves found 
for ring-porous species (Figure 5.4). The efficiency by which heat is conducted at 
different Fd is likely affected by wood anatomical properties (Wullschleger et al. 
2011; Fan et al. 2018). Despite P. abies showing a smaller earlywood lumen area 
than L. decidua (Cuny et al. 2014; Carrer et al. 2017), thus a smaller proportion 
of water-filled tracheid to carry heat through conductive woody tissue, we did not 
find a significantly steeper curve. Also, when including species-specific wood 
density, no clear patterns were found for the steepness of the reviewed curves 
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(results not shown). We hypothesise that the anticipated relationship between 
wood density and steepness of the calibration curve is distorted by variability in 
local wood properties (e.g., smaller or wider rings that have specific anatomical 
features), which are affected by site conditions (Anfodillo et al. 2013; Greenwood 
et al. 2017). Nevertheless, the most accurate estimation of absolute Fd is likely 
obtained when applying a site- and species-specific calibration curve. 
Implications of uncertainty for sap flow measurements 
When interested in the response of canopy conductance derived from sap flow 
measurements to environmental change (see Poyatos et al. 2013), the choice of 
zero-flow conditions to determine ∆Tmax is important as it affects the inter-daily 
variability in Fd. As PD ∆Tmax showed consistently weaker correlations with D 
when considering diurnal Fd variability in the Lötschental (Figure 5.5b), studies 
that apply methods which allow for nighttime sap flow activity are presumed to 
obtain more appropriate climate-transpiration response patterns, although species 
dependent. Additionally, dampening occurring within the first year after 
installation could affect Fd-climate correlations, as they induced a consistent 
reduction in Fd which could be co-linear with other environmental variables. 
Whole-tree water use measured with TDM is commonly collected during 
one growing season and estimated by using PD ∆Tmax, no dampening correction 
and Granier’s calibration (Figure 5.1b). When comparing this standard to other 
data-processing procedures for the Lötschental measurements, employing 
species-specific calibration curves caused the largest deviation in mean daily Fd 
and annual stand water use (∆27 cm3 cm-2 d-1 in Figure 5.5a and ∆79 mm in Figure 
5.6a). This uncertainty will most likely increase further when considering 
circumferential variation in Fd (Lu et al. 2000) and when upscaling from tree to 
stand water use (Čermák et al. 2004). Dampening appeared less relevant for stand 
water use when considering one growing season (Figure 5.7a). Current studies 
applying PD ∆Tmax most likely underestimate annual stand water use compared to 
other methods, while causing only minute differences in nighttime transpiration 
(Figure 5.6b; see Rabbel et al. 2016). 
 The uncertainty generated by the calibration curve depends upon the range 
of K values measured within the individual, as the deviation between the curves 
increases with K (Figure 5.4). Additionally, the uncertainty generated by ∆Tmax 
depends upon species-specific responses and site-specific environmental 
conditions which allow zero-flow conditions. However, when considering the 131 
Northern Hemisphere conifers, the uncertainty in maximum Fd caused by the 
selected calibration curve remains substantial (Figure 5.7b; using the reported 
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∆Tmax and ignoring dampening). Due to the power function shape of most 
softwood calibration curves (Figure 5.4), large uncertainties are generated for 
species with high K such as the genus Larix which can be explained by many 
factors, including a deeper rooting system, greater access to soil resources, or its 
deciduous strategy (Anfodillo et al. 1998). Additionally, a link has been proposed 
between xylem structure in conifers and Fd, as wood with larger tracheids and 
lower density will be able to facilitate higher flow rates (Roderick & Berry 2001; 
Barbour & Whitehead 2003). 
When comparing the combined uncertainty generated by calibration and 
∆Tmax methods against commonly applied data processing (one growing season, 
Granier calibration and pre-dawn ∆Tmax), again the calibration curve appears to 
generate the largest uncertainty (on average 31 cm3 cm-2 d-1; Calibr.-PD in Figure 
5.7c). Yet, ∆Tmax methods contribute to an even larger uncertainty of 75 cm3  
cm-2 d-1 (Calibr.-∆Tmax in Figure 5.7c). Besides large variations among trees, site 
conditions likely affected the Fd range, although this requires site-specific 
environmental measurements. When interested in absolute conifer-stand water 
use or inter-specific stomatal conductance response, TDM users should thus be 
critical about decisions regarding the calibration curve and detection of nighttime 
sap flow activity for conifers. Yet, as the calibration curve might be dependent on 
wood density, Fd estimates from trees with greater wood density and higher flow 
rates, like ring- and diffuse-porous species (Wullschleger et al. 1998), will likely 
show greater uncertainty. 
Conclusion and outlook 
TDM will likely remain widely applied and thus a blueprint on data processing 
and reporting should be established to avoid irreconcilable biases in Fd 
measurements. Here, we show that Granier’s generalized calibration, compared 
to site- and species-specific calibrations, might cause an underestimation of Fd. 
This in turn affects stand-level water use estimates and comparisons of site- and 
species-specific transpiration behaviour. Development of calibration curves is 
thus important for obtaining more accurate absolute Fd estimates. Also, allowing 
nighttime sap flow activity (avoiding the use of pre-dawn ∆Tmax) improved Fd-
climate responses, although being species-specific and less severe compared to 
absolute effects on Fd. Finally, applying a dampening correction is important for 
conserving Fd inter-daily variability, although the timeframe for the application 
of dampening corrections is still uncertain (Wiedemann et al. 2016). Indeed, 
independent whole-tree water use measurements are needed to further quantify all 
sources of uncertainty in TDM measurements (see Oishi et al. 2008). Besides data 
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processing, variable sapwood thickness, radial and circumferential variability, 
changes in stem water content, and natural temperature gradients most likely 
increase uncertainty and should be systematically assessed in the future. However, 
recent progress on the development of free software tools for TDM data 
processing (Oishi et al. 2016; Ward et al. 2017) and upscaling (Berdanier et al. 
2016) will lead to more harmonized, transparent, and reproducible sap flow data, 
better quantifying the associated uncertainties. This generalisation would then 
allow for the incorporation of uncertainty quantifications in the global pattern 
analyses of whole-tree water use. 
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Figure S5.1 Allometric relationships 
between diameter at breast height for 
Picea abies and Larix decidua (DBH), (a) 
sapwood width and (b) sapwood area. No 
significant fit was found for DBH versus 
sapwood width. Grey areas presents the 
Bayesian credible interval of the fitted 
function (see  Gelman & Hill 2007). 
 
 
 
 
 
 
 
 
Table S5.1 General statistics for generalized least squares models, correcting for first order 
auto-correlation (using corAR1 correlation), when explaining K (pre-dawn ∆Tmax) with vapour 
pressure deficit (D [hPa]), temperature (T [°C]), soil moisture (θ [%]) and seasonality (DOY, 
day of year). For every tree the intercept (Int.) and slopes (ε) of the model are provided, in 
addition to the residual standard error (RSE), degrees of freedom (df) and temporal auto-
correlation coefficient (Φ). 
Site Species Tree Generalized Least Squares – Linear model 
 Int. ε1 ε2 ε3 ε4 ε5 ε6 RSE df Φ 
N13W P. abies 1 
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-0.04 -0.0004* -5.71 0.0019 -4.7E-06 -0.03* 0.020* 0.07 532 0.95 
2 0.27* -0.0004* -15.93* 0.0002 2.8E-09 -0.04* 0.023* 0.05 540 0.81 
3 0.09 -0.0002* -6.08 0.0011 -2.6E-06 -0.02* 0.010* 0.05 530 0.95 
L. decidua 1 -1.70* -0.0004* -27.99* 0.0234* -5.4E-05* -0.02* 0.014* 0.08 402 0.94 
2 -2.58* -0.0005* 0.02* 0.0175* -4.1E-05* -0.01* 0.021* 0.13 374 0.98 
3 -1.95* -0.0006* 0.00* 0.0169* -3.9E-05* 0.03* 0.024* 0.10 412 0.98 
N13 P. abies 1 0.06 -0.0003* -1.79* 0.0003 -7.7E-07 -0.04* 0.013* 0.03 374 0.90 
2 0.09 -0.0006* -3.23* 0.0013 -3.4E-06 -0.06* 0.020* 0.06 414 0.91 
3 -0.06 -0.0006* -4.12* 0.0035* -8.1E-06* -0.05* 0.022* 0.06 486 0.88 
L. decidua 1 -1.80* -0.0008* -5.97* 0.0220* -5.1E-05* -0.02* 0.028* 0.15 435 0.94 
2 -0.76* -0.0001* -2.70* 0.0100* -2.3E-05* -0.03* 0.006* 0.06 384 0.97 
3 -1.96* -0.0012* -8.78* 0.0237* -5.2E-05* -0.02* 0.041* 0.13 437 0.88 
S16 P. abies 1 -0.02 -0.0004* -1.96* 0.0014 -3.8E-06 -0.02* 0.017* 0.07 298 0.95 
2 0.04 -0.0005* -3.35* 0.0019* -4.5E-06* -0.02* 0.017* 0.04 518 0.85 
3 -0.09 -0.0003* 0.20 0.0015 -3.8E-06 -0.01* 0.012* 0.07 410 0.97 
L. decidua 1 -1.08* -0.0004* 0.08 0.0112* -2.6E-05* 0.00 0.017* 0.07 281 0.96 
2 -0.75* -0.0001* 1.40* 0.0077* -1.8E-05* 0.00 0.006* 0.08 422 0.97 
3 -1.44 -0.0002* 0.57 0.0135* -3.0E-05* -0.01 0.010* 25.23 218 1.00 
S19 P. abies 1 -0.20* -0.0007* -3.36* 0.0036* -8.3E-06* -0.02* 0.027* 0.04 328 0.81 
2 -0.36* -0.0012* -0.88 0.0044* -1.1E-05* -0.02* 0.047* 0.08 477 0.79 
3 0.03 -0.0003* -1.42* 0.0012* -2.8E-06* -0.03* 0.011* 0.03 443 0.80 
L. decidua 1 -0.73 -0.0002 -1.37 0.0084* -1.9E-05* 0.00 0.005 0.08 248 0.92 
2 -2.03* -0.0003* -0.32 0.0217* -4.9E-05* -0.01* 0.012* 0.06 381 0.77 
3 -1.27* -0.0003* 0.06 0.0131* -3.0E-05* -0.01* 0.010* 0.08 268 0.96 
S22 L. decidua 1 -1.47* -0.0005* -2.61* 0.0155* -3.5E-05* -0.03* 0.016* 0.04 310 0.82 
2 -1.23* -0.0004* -4.71* 0.0137* -3.1E-05* -0.01 0.011 0.09 320 0.89 
3 -2.14* -0.0006* -0.46* 0.0223 -5.1E-05* -0.03* 0.018* 0.07 305 0.76 
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Table S5.2 General statistics for non-linear models when explaining the dampening effect K 
(pre-dawn ∆Tmax) with time since installation (t [days]) and seasonality (DOY, day of year). For 
every tree values of the variable (a-f) are provided, in addition to the residual standard error 
(RSE) and degrees of freedom (df). 
Site Species Tree Non-linear model 
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0.14* 0.000* -0.001* 1.2E-06 2.1E-03 -5.46E-06* 0.038 527 
2 -0.33 0.001 1.137 4.2E-04 3.0E-03 -7.55E-06* 0.053 541 
3 0.14* 0.000 0.001 1.8E-06 1.1E-03* -3.16E-06* 0.028 437 
L. decidua 1 -1.39* -0.004 0.002 4.0E-08* 1.8E-02* -4.13E-05* 0.043 403 
2 -0.59* -0.001 0.001 7.6E-08 1.1E-02* -2.44E-05* 0.046 375 
3 -0.70* -0.002* 0.002* 6.0E-08 1.2E-02* -2.72E-05* 0.042 413 
N13 P. abies 1 0.28* 0.005* 0.039* 2.4E-06 2.6E-05 -7.39E-07* 0.023 375 
2 0.28* 0.002 0.011 -1.7E-06 3.9E-04 -2.07E-06* 0.058 415 
3 0.23* 0.003 0.020 1.8E-06 1.5E-03* -4.76E-06* 0.061 480 
L. decidua 1 -0.19* -0.005* 0.007* 1.1E-06* 9.7E-03* -2.35E-05* 0.094 436 
2 -0.31* -0.002 0.004 -3.6E-07 6.2E-03* -1.57E-05* 0.051 337 
3 -0.58* -0.005 0.006 8.9E-07 1.2E-02* -2.67E-05* 0.133 438 
S16 P. abies 1 0.17* 0.000* 0.000 -6.6E-07 1.1E-03* -3.27E-06* 0.031 277 
2 0.21* 0.001 0.007 -7.8E-07 0.6E-03* -2.29E-06* 0.040 519 
3 0.31* 0.000 0.006* -3.6E-06 0.6E-03* -2.30E-06* 0.024 324 
L. decidua 1 -0.64* -0.002 0.002 2.2E-07 9.7E-03* -2.24E-05* 0.036 282 
2 -0.11* -0.003* 0.005* 8.2E-07 5.6E-03* -1.30E-05* 0.023 407 
3 -1.01* 0.000* 0.000 0.0E-07 12.9E-03* -2.92E-05* 0.034 171 
S19 P. abies 1 0.28* 0.008 0.069* -5.4E-06 6.7E-04 -1.85E-06* 0.041 329 
2 -0.03 0.000 0.002 2.6E-06 5.0E-03* -1.23E-05* 0.062 478 
3 0.15* 0.000 0.011* -2.2E-06* 7.8E-04* -2.12E-06* 0.019 434 
L. decidua 1 0.02 -0.003* 0.010* 1.9E-06* 2.9E-03* -6.84E-06* 0.017 249 
2 -1.78* -0.003 0.001 5.2E-08* 2.1E-02* -4.64E-05* 0.043 382 
3 -0.39* -0.012* 0.018* -5.5E-07* 7.5E-03* -1.71E-05* 0.019 269 
S22 L. decidua 1 -1.12* -0.028 0.025 -1.2E-06 13.1E-03* -2.98E-05* 0.030 311 
2 -0.26* -0.002* 0.002* 8.3E-07* 6.0E-03* -1.32E-05* 0.032 321 
3 -1.71* -0.007* 0.003* 2.9E-07* 20.1E-03* -4.60E-05* 0.037 306 
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Table S5.3 Raw data of the cut-segment calibration experiment. Mean Fd [cm3 cm-2 h-1] against 
K measured at a specific water column height (level in cm, increasing or decreasing) with 
thermal dissipation method (TDM) for four stems from Larix decidua and Picea abies trees. 
Species Tree Level 
K 
mean Stdev. 
SFD 
mean Stdev.  Species Tree Level 
K 
mean Stdev. 
SFD 
mean Stdev. 
Larix 
decidua 1 L2 0.217 0.009 7.430 0.219  
Picea 
abies 1 L2 0.146 0.005 4.892 0.078 
  L5 0.198 0.007 7.119 0.275    L5 0.137 0.001 5.173 0.063 
  L10 0.189 0.005 6.998 0.329    L10 0.143 0.002 5.932 0.073 
  L15 0.182 0.005 6.603 0.338    L15 0.164 0.004 6.642 0.067 
  L25 0.187 0.003 6.984 0.240    L25 0.211 0.009 8.711 0.118 
  L33 0.190 0.003 7.293 0.151    L33 0.271 0.007 12.771 0.279 
  L-25 0.150 0.010 5.542 0.285    L-25 0.244 0.003 9.529 0.141 
  L-15 0.106 0.008 3.765 0.132    L-15 0.218 0.006 6.702 0.128 
  L-10 0.078 0.005 2.950 0.100    L-10 0.199 0.004 5.550 0.086 
  L-5 0.060 0.004 2.304 0.081    L-5 0.176 0.005 4.682 0.067 
  L-2 0.048 0.003 1.928 0.077    L-2 0.159 0.003 4.211 0.056 
 2 L5 0.441 0.012 24.795 0.370   2 L10 0.372 0.003 17.085 0.118 
  L10 0.474 0.006 27.047 0.409    L15 0.403 0.003 19.025 0.137 
  L15 0.491 0.003 28.997 0.458    L25 0.446 0.004 22.818 0.294 
  L25 0.538 0.003 33.718 0.450    L33 0.479 0.005 24.846 0.421 
  L33 0.567 0.003 36.908 0.558    L-25 0.434 0.008 19.548 0.643 
  L-25 0.510 0.009 29.828 0.716    L-15 0.355 0.005 13.995 0.417 
  L-15 0.425 0.009 22.217 0.608    L-10 0.296 0.011 10.989 0.363 
  L-10 0.367 0.010 17.911 0.440    L-5 0.235 0.011 8.575 0.259 
  L-5 0.303 0.008 14.182 0.355    L-2 0.190 0.010 7.146 0.223 
  L-2 0.267 0.006 11.878 0.285         
 3 L5 0.496 0.003 26.549 0.455   3 L2 0.427 0.007 24.179 0.190 
  L10 0.531 0.005 28.417 0.518    L5 0.453 0.004 25.682 0.217 
  L15 0.567 0.003 30.460 0.463    L10 0.486 0.006 28.725 0.213 
  L25 0.646 0.007 36.186 0.296    L15 0.511 0.002 31.866 0.215 
  L33 0.707 0.006 41.185 0.312    L25 0.570 0.003 38.080 0.335 
  L-25 0.664 0.009 36.071 0.497    L33 0.626 0.009 42.873 0.285 
  L-15 0.603 0.010 29.521 0.542    L-25 0.580 0.010 36.444 0.484 
  L-10 0.525 0.009 25.067 0.437    L-15 0.521 0.008 29.225 0.258 
  L-5 0.457 0.005 21.055 0.354    L-10 0.484 0.003 25.309 0.306 
  L-2 0.412 0.005 18.298 0.311    L-5 0.444 0.004 21.935 0.306 
          L-2 0.399 0.005 19.433 0.321 
 4 L2 0.492 0.015 24.818 0.334   4 L10 0.366 0.006 17.515 0.176 
  L5 0.483 0.003 26.029 0.346    L15 0.390 0.005 19.294 0.171 
  L10 0.521 0.002 28.201 0.353    L25 0.430 0.004 23.298 0.230 
  L15 0.547 0.005 30.427 0.320    L33 0.455 0.003 26.330 0.244 
  L25 0.606 0.005 35.682 0.341    L-25 0.406 0.002 22.496 0.209 
  L33 0.654 0.004 39.537 0.454    L-15 0.340 0.005 17.781 0.210 
  L-25 0.606 0.007 33.910 0.476    L-10 0.300 0.005 15.506 0.190 
  L-15 0.523 0.009 27.026 0.326    L-5 0.260 0.006 13.138 0.131 
  L-10 0.470 0.007 23.309 0.343    L-2 0.242 0.004 11.920 0.199 
  L-5 0.417 0.007 19.722 0.293         
  L-2 0.376 0.010 17.396 0.244         
Table S5.4 General statistics of linear mixed-effect modelling for the thermal dissipation 
calibration curves (K [-] against Fd [cm3 cm-2 h-1]). Effects of species was tested on the 
calibration curve while using the individual stems as a random factor (model 1) or excluding 
the species effect (model 2). Additionally, the power-type function proposed by Granier (1985) 
is presented (model 3). The slope (Estimate), standard error of the slope (Std. error), frequentist 
statistics (t-value, p), goodness of fit [R2] and the Akaike Information Criterion (AIC) is 
provided. 
Model 
 
Formula (in R) Random 
effects 
Coefficients Estimate Std. 
error 
t-value p R2 AIC 
1 lmer( SFD ~ 0 + K * 
species + I(K^2) * 
species + (K | tree) ) 
Tree:  
Int. var.= 7.3  
K var.= 75.7 
K 25.82 10.59 6.08 0.050 0.96 267.8 
speciesLarix 0.47 2.53 3.89 0.862 
speciesPicea 3.95 2.67 5.83 0.190 
I(K^2) 52.34 11.85 7.60 0.003 
kn:speciesPicea -24.33 17.24 8.53 0.194 
speciesPicea:I(K^2) 44.48 21.79 10.88 0.066 
2 lmer( SFD ~ 0 + K + 
I(K^2) + (K | tree) ) 
Tree:  
Int. var.= 1.3 
K var.= 46.4 
K 26.24 1.56 16.85 <0.001 0.96 283.9 
I(K^2) 56.50 4.51 12.53 <0.001 
3  nls( SFD ~ α * K ^ β) None α 69.97 2.09196 33.45 <0.001 0.96 356.9 
β 1.364 0.04101 33.25 <0.001   
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Table S5.5 Literature review on calibration curves. We distinguish: DB= Deciduous Broad-
leaved, EB= Evergreen Broad-leaved, EC= Evergreen Coniferous, DC= Deciduous Coniferous. 
Wood anatomical properties include, DP= Diffuse-porous, RP= Ring-porous, SW= Softwood, 
DRP= Diffuse- to semi-ring-porous. For some of the measurements the standard error of the 
mean (SE) is provided. The symbol * indicates that the calibration curves is αK + βK2 instead 
of αKβ. All α values were recalculated to provide Fd in cm3 cm-2 h-1. 
Site Coordinates Species Leaf  
type 
Wood 
type 
n Diameter 
(cm) 
[SE] 
Sapwood 
area (cm2) 
[SE] 
Sapwood 
depth 
(mm) [SE] 
K 
range 
R2 α β Source 
USA; Gibbs 
Farm 
83°35'W | 
31°26'N 
Liriodendron 
tulipifera 
DB DP       53.978 1.231 Bosch et al. 
(2014) 
Pinus elliottii EC SW       48.966 1.231 
Pinus palustris EC SW       45.796 1.231 
USA; Salt 
Lake Valley 
111°55'W | 
40°66'N 
Populus fremontii DB DP 6 5.08 [0.15] 16.02 [1.01] 12.8 [1.46] 0-6  42.84 1.23 Bush et al. 
(2010) Tilia cordata DB DP 5 4.83 [0.15] 13.08 [0.75] 15.2 [0.80] 0-3  42.84 1.23 
Elaeagnus 
angustifolia 
DB RP 7 4.36 [0.30] 1.70 [0.18] 1.63 [0.23] 0-0.7 0.86 3348 1.65 
Gleditsia 
triacanthos 
DB RP 6 5.06 [0.26] 0.73 [0.09] 0.98 [0.09] 0-0.8 0.8 11052 1.4 
Quercus gambelii DB RP 6 4.37 [0.08] 0.35 [0.06] 0.88 [0.04] 0-0.5 0.85 20916 1.88 
Sophora japonica DB RP 6 4.47 [0.22] 0.51 [0.12] 1.08 [0.14] 0-0.55 0.84 4284 1.24 
France; 
Montfavet 
 Malus pumila DB DP 4    0-1 0.97 49.248 1.300 Cabibel & 
Co (1991) Quercus palustris DB RP 4    0-1 0.97 49.248 1.300 
Castanea sativa DB RP 4    0-1 0.97 49.248 1.300 
  Quercus 
pedunculata  
DB RP     0-0.8  42.84 1.231 Granier 
(1985) 
Pinus nigra EC SW     0-1  42.84 1.231 
Pseudotsuga 
menziesii 
EC SW     0-1.1  42.84 1.231 
UK; Swindon 1°42'W | 
51°36'N 
Acer campestre DB DP 3 6-23   0-1.1 0.98 46.44 1.46 Herbst et al. 
(2007) Crataegus 
monogyna 
DB DP 5 6-23   0-0.8 0.88 73.44 1.387 
UK; Wytham 
Woods 
1°20'W | 
51°47'N 
Fraxinus excelsior DB RP 5     0.96 728.28 0.428 Herbst et al. 
(2008)* 
Brasil; 
Piracicaba 
46°38′W |   
23°33′S 
Eucalyptus grandis 
x urophylla 
DB DP 4    0-0.8 0.95 304.46 1.606 Hubbard et 
al. (2010) 
USA; Utah's 
Entrada Field 
Station 
 -109°12'E | 
38°47' N 
Tamarisk 
ramossisima Ledeb. 
× chinensis 
DB DP 11 4.15 [0.2] 4.45 [0.77] 5.8 [0.6] 0-1 0.98 86.4 1.16 Hultine et 
al. (2010) 
Australia; 
Darwin 
130°52'E | 
12°25'S 
Mangifera indica EB DP 1      42.84 1.231 Lu & 
Chacko 
(1998) 
Sweden; 
Norunda 
forest 
17°29'E | 
60°5'N 
Picea abies EC SW 2 22.1 [2.7] 290.5 [35.5] 78 [13] 0-0.20 0.95 248.832 1.816 Lundblad et 
al. (2011) Pinus sylvestris EC SW 3 21.2 [2.4] 214 [61.4] 57 [1.3] 0-0.30 0.95 252.828 1.822 
New 
Zealand; 
Huapai 
174°30'E | 
36°48'S 
Agathis australis EC SW 1 19    0.57 42.84 1.231 Macinnis-
Ng et al. 
(2016) 
Panama; 
Santa Cruz 
79°W | 
 9°N 
Pseudobombax 
septenatum 
DB DP 3 6.4 [0.12] 18.1 [0.69]    42.84 1.231 McCulloh 
et al. (2007) 
Calophyllum 
longifolium 
EB DP 3 6.0 [0.17] 21.3 [1.62]    42.84 1.231 
Germany; 
Grossfahner 
10°49'E | 
51°30'N 
Populus nigra × P. 
maximowiczii 
DB DRP 5 10.30 [0.48]   0-0.8 0.93 126.756 1.552 Schmidt-
Walter et 
al. (2014) 
USA; 
Whitehall 
forest 
83°21'W | 
33°54'N 
Fagus grandifolia DB DP 2 18 [3]    0.70 82.8 0.952 Steppe et 
al. (2010) 
USA; 
Whitehall 
Forest 
83°21'W | 
33°54'N 
Liquidambar 
styraciflua 
DB DP 5 7.5 [0.4] 29.3 [3.1] 26 [1] 0-1.2 0.89 44.64 1.151 Sun et al. 
(2012) 
Populus deltoides DB DP 5 7.5 [0.4] 29.3 [3.1] 27 [1] 0-0.7 0.94 43.56 1.141 
Quercus alba DB RP 5 7.5 [0.4] 29.3 [3.1] 28 [1] 0-0.4 0.87 46.08 1.47 
Ulmus americana DB RP 5 7.5 [0.4] 29.3 [3.1] 29 [1] 0-0.8 0.95 97.92 2.572 
Pinus echinata EC SW 5 7.5 [0.4] 29.3 [3.1] 30 [1] 0-0.9 0.91 36.36 1.303 
Pinus taeda EC SW 5 7.5 [0.4] 29.3 [3.1] 31 [1] 0-1.2 0.88 34.92 1.336 
USA; Red 
Butte Canyon 
111°47'W | 
47°48'N 
Acer 
grandidentatum 
DB DP 1 5-6     198 1.02 Taneda & 
Sperry 
(2008) Quercus gambelii DB RP 1 5-6     2084.4 1.38 
Italy; San 
Vito di 
Cadore 
 Larix decidua EC SW 4 16.5 [0.6] 71.9 [6.7] 18.4 [3.9] 0-0.72 0.96 26.236 56.495 This study* 
 Picea abies EC SW 4 15.9 [1.5] 121.2 [15.5] 35.8 [4.9] 0-0.65    
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Figure S5.2 Example of the procedure to isolate the dampening effect for K (pre-dawn ∆Tmax) 
measured for a Picea abies tree at N13. (a) Residuals are calculated by subtracting the 
measurements from the model values constructed with environmental factors and seasonality. 
This model, explained in Table S5.2, uses daily maximum vapour pressure deficit (b), daily 
mean temperature (c), daily mean soil moisture (d) and a seasonality term (e) to explain the 
daily maximum K pattern. Then the residuals containing the dampening are explained with a 
non-linear model (f), after which this model is used on the raw values (black lines) and 
transformed to corrected values (grey lines). 
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Figure S5.3 Example of the procedure to isolate the dampening effect for K (pre-dawn ∆Tmax) 
measured for a Larix decidua tree at N13. (a) Residuals are calculated by subtracting the 
measurements from the model values constructed with environmental factors and seasonality. 
This model, explained in Table S5.2, uses daily maximum vapour pressure deficit (b), daily 
mean temperature (c), daily mean soil moisture (d) and a seasonality term (e) to explain the 
daily maximum K pattern. Then the residuals containing the dampening are explained with a 
non-linear model (f), after which this model is used on the raw values (black lines) and 
transformed to corrected values (grey lines).
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Abstract 
Conifers growing at high elevations optimize stomatal conductance (gs) for 
minimizing winter water loss and maximizing photosynthetic yield under 
temperature-limited conditions. Yet, the ability of high-elevation conifers to 
adjust their gs response to environmental drivers remains largely unexplored. We 
quantified in Larix decidua Mill. and Picea abies (L.) Karst. intra- and inter-
specific variability in gs along an elevational gradient and contrasting dry and wet 
sites based on four years of sap flow measurements. Site- and species-specific gs 
response to main environmental drivers were examined, including; vapour 
pressure deficit, air temperature, solar irradiance and soil water potential. Our 
results indicate that the gs of L. decidua is higher, shows a more plastic response 
to temperature, and downregulates stronger during drought compared to P. abies. 
These differences allow L. decidua to better exploit water under favourable 
conditions, adjust to site-specific thermal conditions, and reduce water loss during 
drought episodes. The stronger plasticity of gs response to temperature and higher 
conductance of L. decidua compared to P. abies provides new insights into 
contrasting species-specific water-use strategies, which impact future species’ 
performance and should be considered when predicting terrestrial water dynamics 
under climatic change. 
6.1 Introduction 
The biogeographic distribution of coniferous trees extends across a wide range of 
contrasting environmental conditions, from the Arctic Circle to the equator and 
Southern Hemisphere (Farjon & Filer 2013). Conifers often dominate at high 
elevations where temperatures severely limit tree growth and survival (Bannister 
& Neuner 2001; Körner 2012). For example, it is very common to find conifers 
at the upper tree line with growing season temperatures as low as 5.5-7.5 °C 
(Körner & Paulsen 2004). Under such temperature-limiting conditions, growth is 
known to be highly sensitive to ongoing climate change (see Beniston 2003; Soja 
et al. 2007; Thuiller et al. 2008; IPCC 2013). Recent studies indicate that warmer 
and drier conditions in temperature-limited ecosystems (at high elevations and 
latitudes) are altering the forest composition and the timing and duration of both 
primary and secondary growth (e.g., Esper & Schweingruber 2004; Steltzer & 
Post 2009; Allen et al. 2010; Meier et al. 2012; Rigling et al. 2013; Peters et al. 
2017). Subsequently, these changes have consequences for the ability of forests 
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to regulate terrestrial biogeochemical processes and the global climate system 
(Myneni et al. 2001; Bonan et al. 2008). 
When growing under a wide range of climatic conditions, trees need to 
optimize carbon assimilation and its use, i.e., the formation and maintenance of 
(woody and non-woody) tissues (see Maseyk et al. 2008; Rossi et al. 2008; Körner 
2012; Fatichi et al. 2014). Both the processes of producing carbohydrates (via 
photosynthesis; Nobel 2009) and the generation of turgidity within the cambium 
required for growth (Lockhart 1965), depend on the way a tree regulates the flow 
of water through the soil-plant-atmosphere continuum (Mencuccini 2003; Tuzet 
et al. 2003; Damour et al. 2010; De Schepper & Steppe 2010). Conifers thus 
underwent strong selective pressure to develop specialized ways for regulating 
their internal hydraulics (Brodribb et al. 2014; Klein 2014; Anderegg et al. 2016). 
Main mechanisms for controlling tree water use usually include anatomical 
adjustments of the water conducting xylem (e.g., Mayr et al. 2006; Bouche et al. 
2014) and the optimization of stomatal conductance (gs) to quickly respond to 
varying environmental conditions (Hetherington & Woodward 2003; Lin et al. 
2015). The regulation of gs is crucial under temperature-limiting conditions, as 
transpiration has to be optimised for minimal winter water loss (Mayr 2007) and 
maximum photosynthetic yield during the short vegetative season (i.e., to produce 
ample sugars for frost damage protection; see Körner et al. 2016; Lintunen et al. 
2016). This optimization is supported by observations of increasing maximum gs 
with increasing elevation (Körner 2012) and deciduous conifers like Larix 
decidua Mill. (with a shorter vegetative season) showing an overall higher 
conductance than evergreen Picea abies (L.) Karst. and Pinus cembra L. 
(Anfodillo et al. 1998). However, although the species-specific difference in the 
response of gs at temperature could be relevant for optimizing tree water use under 
temperature-limited conditions, most studies have focussed on stomatal responses 
to atmospheric and soil droughts (e.g., Lindroth 1985; Arneth et al. 1996; Day 
2000; Leo et al. 2014; Wieser et al. 2014). 
Under rapidly changing climatic conditions, the future occurrence of a 
species depends on its plasticity (Valladares et al. 2014), i.e., the ability to adjust 
physiological functioning under a wide range of growing conditions. This also 
holds for conifer water use, since species survival in persistent warmer and drier 
conditions largely depends upon the plastic adjustment of its hydraulic 
functioning (e.g., Körner et al. 1986; Cordell et al. 1998; Martínez-Vilalta et al. 
2009; López et al. 2013). Thus, there has been interest in comparing intra-specific 
shifts in gs response to vapour pressure deficit (D) at sites with contrasting 
Chapter 6 
126 
 
climatic conditions (e.g., Poyatos et al. 2007). For example, a study by Grossiord 
et al. (2017) on conifers growing in a semi-arid climate found a reduced stomatal 
sensibility to D when exposed to persistent warming. Although conifers growing 
at different thermal conditions (along elevational gradients) show a uniform gs 
response to D (Mayr 2007), their ability to adjust their gs response to air 
temperature (Ta) and solar radiance (Rg) might be crucial for optimizing tree water 
use (Livingston & Black 1987; Buckley & Mott 2013). For example - due to the 
shorter growing season, low temperatures and reduced partial pressure of CO2 at 
higher elevations (Körner 2012) - a strategy to optimize carbon assimilation might 
allow higher gs at low temperatures, despite thermal conditions being less 
favourable for photosynthetic activity (Wieser 2007; Damour et al. 2010). In 
addition, due to low water stress conditions (Körner 2012), high-elevation 
conifers could reduce gs sensitivity to Rg, where incomplete stomatal closure 
during the night allows for a faster supply of water to the leaves at sunrise (e.g., 
Daley & Phillips 2006). Yet, the ability of high-elevation conifers to adjust their 
gs response to these environmental drivers in the context of a warming atmosphere 
remains largely unexplored. 
In this study, we investigated the stomatal regulation of P. abies and L. 
decidua and their plasticity along an elevational gradient in the Central Swiss Alps 
that stretches up to their upper distribution limits (Ellenberg & Leuschner 2010) 
and shows a genetically well-mixed population (King et al. 2013b). In addition to 
a thermal gradient, with a persistent difference in mean growing season 
temperature of up to 3.2 °C, trees at contrasting wet and dry conditions were also 
monitored. At five different sites, we installed thermal dissipation probes to obtain 
four years of continuous sap flow measurements, including a strong drought event 
in the summer of 2015. The sap flow measurements were used to calculate gs and 
analyse its response to environmental conditions at each site. We hypothesize that 
drought sensitive P. abies (see Anfodillo et al. 1998; Ježík et al. 2015) will 
downregulate its stomatal conductance more than L. decidua in response to 
increasing D and increasing drought (by measuring soil water potential, ψsoil). 
Additionally, we quantified the within species plasticity of gs response functions 
to multiple environmental drivers (including D, ψsoil, Ta and Rg) across the 
elevational gradient. As pioneer species are expected to show higher plasticity 
(Sultan 2000; Barigah et al. 2006), we presume that the pioneer L. decidua 
(Gower & Richards 1990) will show a more plastic adjustment of its gs response 
to environmental drivers compared to the climax species P. abies. The analysis of 
the stomatal behaviour of high-elevation conifer species offers a unique 
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perspective on the plasticity of their hydraulic functioning and provides insight 
into their ability to optimize water use under future climatic change. 
6.2 Materials and methods 
Site description 
The studied trees are located on several sites situated within the Lötschental valley 
in the Swiss Alps (46°23′40″N, 7°45′35″E; Figure 6.1a). The valley is 
characterised by steep slopes (>60%) and covered with a mixed forest of 
evergreen P. abies and deciduous L. decidua. Average forest stand density at the 
sites is 401±144 trees ha-1, with an average tree age of 173±45 years, diameter at 
breast height (DBH) of 45±4 cm and canopy height of 22±4 m (Peters et al. 2017). 
Soils are formed from calcareous-free substrate, including moraines and 
crystalline bedrock (gneiss and granite) from the Aar massif. This contributes to 
acidic soil characterized by coarse stones and low amounts of clay. Several 
different soil types were classified on the valley slope, including Leptosol, 
Cambisol to Podzol. Soil texture consists of 10±4% clay, 56±10% sand and 
35±8% silt content and with fine soil bulk density of 0.77±0.42 g cm-3. At the 
valley bottom with wetter soil conditions, organic soils (Histosol) with low bulk 
density (0.19±0.07 g cm-3) occur. Long-term mean annual total precipitation and 
mean annual temperature in the valley exceeds 800 mm and approximates 5.7 °C, 
respectively (data from MeteoSwiss surface observation network; King et al. 
2013b). 
Sap flow and environmental conditions were continuously monitored from 
April 2012 to October 2015 at five sites distributed across a thermal and moisture 
gradient. Four of these sites are situated along an elevational gradient on a south-
facing slope with a 300 m interval from the valley bottom (1300 m a.s.l.) to the 
treeline (≈2200 m a.s.l.). The site at the treeline, close to the distribution limit of 
L. decidua (hereafter referred as S22, where S indicates the south-facing slopes), 
showed a mean growing season (May-October) temperature of 8.3 °C (covering 
2012-2015). At 1900 m a.s.l. (S19), corresponding to the distribution limit of P. 
abies, showed slightly warmer conditions with a mean annual growing season 
temperature of 9.2 °C. The two sites at 1600 (S16) and 1300 m a.s.l. (N13, where 
N indicates the north-facing slopes) experienced sequentially drier and warmer 
conditions, with a mean annual growing season temperature of 10.4 and 11.5 °C, 
respectively. A fifth contrasting wet site was established at the valley bottom close 
to the Lonza river, providing constant water saturation at 70 cm soil depth 
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(N13W), with slightly cooler mean growing season conditions of 10.4 °C. A 
detailed site description is provided in King et al. (2013a). 
 
Figure 6.1 Research site, sampling locations (from sapwood area sites and leaf area database) 
and allometric relationships. (a) Location of the Lötschental research site, trees sampled in the 
leaf area database and trees of which the sapwood area was measured. (b) Allometric 
relationship between diameter at breast height (DBH) and sapwood area (AS). (c) Relationship 
between projected leaf area (AL) and modelled AS (using DBH measurement with the function 
presented in b) and the respective AL:AS values are presented. The dotted and solid lines indicate 
the model fit for Larix decidua and Picea abies, respectively. Grey areas present the Bayesian 
credible interval of the fitted function (see Gelman & Hill 2007). For the statistics, see Table 
S6.2. 
Micrometeorological measurements 
Radiation-shield covered sensors were installed at each site on a central tower 
(≈2.5 m above the ground) within the canopy to measure air temperature (Ta [°C]) 
and relative humidity (RH [%]; Onset, USA, U23-002 Pro) with a 15-minute 
resolution. Vapour pressure deficit (D [kPa]) was calculated from Ta and RH 
(WMO 2008). Soil temperature (TS [°C]) was recorded at each site with an hourly 
resolution at a depth of 10 cm (Onset, USA, TdbiT). At N13 solar irradiance (Rg 
[W m-2]) was measured with 15-minute resolution using a micro-station (Onset, 
Contrasting plasticity of stomatal conductance 
129 
 
USA, H21-002 Micro Station) and pyranometer (Onset, USA, S-LIB-M003) 
positioned in an open field. For the other sites, Rg measurements were adjusted 
for aspect and topographic shading after Schulla (2015). Calculations for 
topographic shading were based on the digital height model DHM25 (Swiss 
Federal Office of Topography Swisstopo). 
Soil volumetric water content was measured hourly with five sensors at 10 
and 70 cm depth at each site (θ [%]; Decagon, USA, EC-5). At the same depth, 
soil water potential was also measured (ψsoil [MPa]; Decagon, USA, MPS-2) for 
the last year of monitoring. These measurements were used for establishing soil 
water retention curves using the van Genuchten model (van Genuchten 1980), 
where the saturated water content was established according to Teepe et al. (2003; 
see Table S6.1). This allowed retrospective determination of ψsoil for the entire 
monitoring period. The water content at permanent wilting point and field 
capacity was visually determined to normalize θ to relative extractable water (in 
%; see Granier et al. 1999). The wettest conditions from both depths for θ and 
ψsoil were used to represent the site conditions. 
Daily precipitation was obtained from the nine nearest weather stations (6 
to 43 km distance to the transect, including Adelboden, Blatten, Grächen, 
Montana, Jungfraujoch, Sion, Ulrichen, Visp, Zermatt; Federal Office of 
Meteorology and Climatology MeteoSwiss). The environmental measurements at 
each site were quality controlled and the few sporadic data-gaps were filled by 
linear interpolation or by using a regression approach with a stiff cubic spline on 
data from other sites and hourly averaged (using the mgcv package in R software 
version 3.2.00, R development core team 2013). 
Sap flow measurements and transpiration calculations 
At every site three mature trees per species (a total of 15 L. decidua and 12 P. 
abies trees; Table 6.1) were instrumented with commercially available thermal 
dissipation probes (Granier 1985; Tesaf, University of Padova, Italy), to estimate 
sap flux density (Fd [g H2O cm-2 sapwood area h-1]). Two 2 cm long probes were 
radially inserted into the xylem (below the cambium), with a vertical distance of 
10 cm on the slope-facing side of the stem at ≈1.6 m height. The temperature 
difference between the continuously heated upper and unheated lower probe was 
measured (∆T [°C]) and recorded with 15-minute resolution on a data logger 
(Campbell Scientific, USA, CR1000). The difference (denoted as unitless K [-]) 
between measured ∆T and zero sap flow conditions (∆Tmax; see Lu et al. 2004) 
was calculated. The method proposed by Oishi et al. (2016) was used to determine 
∆Tmax, where daily pre-dawn ∆Tmax values were used when environmental 
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conditions favour zero-flow conditions (i.e., low nocturnal D). The measured ∆T 
was corrected for the proportion of the probe that was inserted into the sapwood 
versus the part in the heartwood according to Clearwater et al. (1999), using the 
sapwood thickness [cm]. Sapwood thickness was measured from two increment 
wood cores (using an increment borer; Haglöf, Sweden) taken perpendicular to 
the slope at breast height (≈1.3 m) from the monitored trees (based on 
discolouration for L. decidua and translucence for P. abies). Since K is known to 
progressively decrease over the years of monitoring (see Oliveras & Llorens 
2001), we had to correct for this effect of signal dampening. Next, Fd was 
calculated from K (Granier 1985) using a species-specific calibration curve 
established with cut-stem calibration for the two species according to Steppe et 
al. (2010; Fd= 26.236 K + 56.495 K2). See Note S6.1 and Peters et al. (In press.) 
for a detailed description on the ∆Tmax determination and the cut-stem calibration 
experiment. 
Table 6.1 Characteristics of trees instrumented with thermal dissipation probes. Age and 
sapwood area (AS) were determined using increment core measurements. 
Species Site Elevation 
[m a.s.l.] 
Tree ID Age 
[yr] 
DBH 
[cm] 
Height 
[m] 
AS 
[cm2] 
Larix decidua N13 1300 N13Bd_L1 131 29.5 20.1 105 
N13Bd_L2 128 32.0 18.5 142 
N13Ad_L4 131 30.8 18.7 125 
N13W 1300 N13WAd_L1 148 78.0 27.7 464 
N13WBd_L2 164 89.3 33.3 541 
N13WBd_L3 134 52.0 25.7 304 
S16 1600 S16Bd_L1 371 75.2 31.5 629 
S16Ad_L1 69 38.5 24.5 251 
S16Ad_L4 69 41.5 23.8 369 
S19 1900 S19Ad_L1 200 48.0 23.7 300 
S19Ad_L3 170 35.5 26.3 224 
S19Bd_L1 326 48.7 22.4 208 
S22 2200 S22Ad_L1 269 47.0 17.8 292 
S22Ad_L2 280 55.7 17.2 434 
S22Ad_L3 295 45.5 16.6 218 
Picea abies N13 1300 N13Ad_S1 90 30.7 14.5 210 
N13Ad_S2 93 48.1 19.8 680 
N13Bd_S3 87 37.0 19.2 473 
N13W 1300 N13WAd_S1 85 81.0 29.5 1905 
N13WAd_S2 81 62.8 33.5 1155 
N13WBd_S3 109 80.7 33.6 1918 
S16 1600 S16Bd_S4 - 45.3 21.5 257 
S16Ad_S2 62 38.2 25.3 411 
S16Bd_S2 461 56.2 23.5 315 
S19 1900 S19Bd_S3 245 37.2 21.2 353 
S19Ad_S2 137 34.1 25.0 161 
S19Bd_S2 229 47.5 24.5 680 
 
Contrasting plasticity of stomatal conductance 
131 
 
Fd was multiplied by the sapwood area (AS [cm2]) to obtain whole-tree 
water use [g H2O h-1]. Whole-tree water use was then used to estimate 
transpiration per unit of leaf area (i.e., E [g H2O m-2 leaf area h-1]) by using 
allometric relationships between AS [cm2] and total projected needle area (AL [m2]; 
Figure 6.1b, c). To generate a robust relationship between DBH and AS, sapwood 
area and the associated DBH from over 450 trees was measured across the alpine 
range (Figure 6.1b). Species-specific allometric relationships of DBH-As where 
then used together with a leaf area database (constructed with the measurements 
from Burger 1953), recording AL and DBH, to establish AL:AS values (Figure 6.1c; 
Tyree & Zimmermann 2002). To account for the delay between E and Fd, the 
mean difference between the time of sunrise and the onset of Fd (15-minute 
resolution) was calculated to shift back Fd to represent E. The timing of sunrise 
was defined every day as the time when Rg exceeds 10 W m-2. The onset of Fd 
was determined when a persistent increase in Fd occurred after 3:00 am. Finally, 
we made use of weekly observations of phenological stages performed from 2008 
till 2011, to remove periods where L. decidua did not have full foliage (Moser et 
al. 2010; see Figure S6.1). 
Conductance calculations and response to environmental drivers 
Both crown conductance (gsap [g H2O m-2 sapwood area s-1 kPa-1]) and stomatal 
conductance (gs [mm s-1]) were calculated for all individuals. We complemented 
the gs calculation with gsap, as the latter is less dependent upon model assumptions. 
Crown conductance was determined by using D and Fd (adopted from Meinzer et 
al. 2013 and Pappas et al. 2018): 
𝑔𝑠𝑎𝑝 =
(𝐹d ∗ 10000/3600)
𝐷
 
(Eq. 1) 
Daily mean gsap was considered as Fd usually lags behind the driving 
meteorological conditions on an intra-daily level, due to water storage in the stem 
(see Braun et al. 2010). Species-specific gsap responses to atmospheric drought 
(using D) and soil drought (using ψsoil) were analysed for periods where other 
factors are less limiting. For the response of gsap to D, days were selected where 
Ta >12 °C, θ >60% and precipitation <10 mm, while for ψsoil we selected days 
with D <1 kPa instead of θ. To explain responses in gsap we fitted linear functions 
as gsap.ref – δ * ln D (gsap.ref is the reference conductance when D= 1 kPa; Oren et 
al. 1999b) and gsap.ref + Λ * ψsoil, respectively. Linear-mixed effect modelling was 
applied, where the individual is considered as the random effect and corrections 
are included to address first-order auto-correlation. 
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An inversed simplified Penman-Monteith equation was used to calculate gs 
(Monteith 1965; Granier & Loustau 1994), assuming that conifer forests are 
aerodynamically well coupled to the atmosphere (Monteith & Unsworth 2013). 
Together with the hourly averaged Ta, D and E measurements, gs was calculated 
according to the following equation (see Note S6.2): 
𝑔𝑠 =
𝜆 𝐸 𝛾
𝜌 𝐶𝑝 𝐷
  (Eq. 2) 
where λ is the latent heat of vaporization ([J g-1]; as a function of air temperature), 
γ is referred to as the psychrometric constant [hPa K-1] (as a function of air 
pressure, which is calculated from elevation and air temperature), ρ is the air 
density [kg m-3] (as a function of air temperature and atmospheric pressure) and 
Cp is the heat capacity of air [J kg-1 K-1] (taken as 1.01). 
 A Jarvis-type approach (Jarvis 1976) was used to analyse conductance (gsap 
and gs) response to D, Ta, θ, ψsoil, and Rg. To account for individual variation in 
conductance, gsap and gs were standardized to the individual specific maximum 
conductance (gsap.max or gs.max), defined as the 99th quantile of the data to avoid the 
effect of outliers. The resulting individual time-series were averaged per site and 
species. We excluded conductance values on rainy days (precipitation >1 mm d-
1) and with D <0.1 kPa as these conditions generate unreliable conductance values 
(e.g., Philips & Oren, 1998). For gs/gs.max values a bootstrap resampled boundary-
line analysis was performed to disentangle when the independent variable is 
limiting (Chambers et al. 1985; Shatar & McBratney 2004). Within this analysis 
a predefined upper quantile was selected when binning the independent variable 
(e.g., dividing the x-axis into classes of a specified size as described in Chambers 
et al. 1985; see Table 6.2). A bin width of 2% of the total range was used and 
overlapped by 1% with the previous bin to reduce the effect of uneven distribution 
of data. For the boundary-line analysis we excluded conditions where the selected 
independent variable could show collinearity with other meteorological variables 
(Table 6.2). Models were fitted through the upper quantiles to describe the 
relationship, referred to as response functions (see Table 6.3). 
To show the effects of the variations in response function parameters, the 
species- and site-specific gs curves were used to model transpiration patterns. We 
multiplied the site- and species-specific average gs.max with the response functions 
of D, Ta, ψsoil, and Rg to obtain gs, which was used together with Ta, D in equation 
2. To highlight the effect of the different response function parameters on daily E 
dynamics, curves for Ta, D and Rg between high and low elevation sites were 
switched. For L. decidua effects of spring and autumn phenological development 
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on gs were simulated with the models of Murray et al. (1989) and Delpierre et al. 
(2009), respectively. All analyses were performed with the R software (version 
3.2.00, R development core team 2013). 
Table 6.2 Model criteria for the boundary line analysis. Variable conditions are provided for 
every climatic factor to reduce collinearity. The boundary line is described with non-linear 
functions by dividing the dataset into bins (segments with a 2% size of the total independent 
variable range) and a specified quantile was selected per bin (see bin properties). Points where 
excluded where the bin included less than a specific minimum sample size (see Min. n). The 
quantiles and minimum sample size was increased for θ and ψsoil, due to the larger and unequal 
spread of the data.  
Independent variable Variable conditions Bin properties 
D 
[kPa] 
Ta 
[°C] 
Rg  
[W m-2] 
Θ  
[-] 
Ts 
[°C] 
ψsoil 
[MPa] 
Quantile Min. 
n 
Vapour pressure deficit (D) - >10 >300 >0.5 - - 0.95 5 
Air temperature (Ta) <1.5 <13 >300 >0.5 - - 0.95 5 
Solar irradiance (Rg) <0.5 >10 <800 >0.5 - - 0.95 5 
Relative extractable water (θ) <1.5 >10 >300 >0.8 - - 0.98 15 
Soil temperature (Ts) <1.5 - >300 >0.5 <11 - 0.95 5 
Soil water potential (ψsoil) <1.5 >10 >300 - - <-0.01 0.98 15 
 
Table 6.3 Selected models used within the boundary-line analysis. Models were selected from 
literature or constructed to provide parameters which can be interpreted (as described for a and 
b). A general description of the model is provided in addition to the effect of the individual 
parameters. When relevant a source is provided. 
Formula Description a b 
gs-D    = a – bD-0.5 
An exponential functions according to Roman et 
al. (2015). 
Asymptote of gs at 
high D values 
Slope 
gs-Ta   = 1/( 1+e-a(Ta-b) ) 
Instead of applying parabolic shaped functions 
as proposed by Jarvis (1976), due to the 
collinearity with D, a Gompertz function that 
saturates to 1 gs was used. 
Slope of the 
inflection point (IP) 
Ta of the 
inflection 
point (IP) 
gs-Rg    = 1-e-a(Rg-b) 
An adaptation of the model proposed by Price & 
Black (1989) which allows for night-time 
activity. 
Slope at the x-
intercept 
(gs= 0) 
Shift in Rg for 
the x-intercept 
(gs= 0) 
gs-ψsoil = 1/( 1+a e(-ψsoil b) ) 
As most response functions are based on θ, a 
new functions was used to describe ψsoil 
response which saturated at 1 gs.  
The point of the y-
intercept (ψsoil= 0), 
depending upon the 
slope 
Slope of the 
inflection 
point (IP) 
 
6.3 Results 
Allometry, sap flow delay and temporal transpiration dynamics 
Species-specific allometric relationships between AS and DBH were established 
for L. decidua and P. abies (Figure 6.1b). The quadratic function showed a 
significantly steeper increase in AS with increasing DBH for P. abies (p <0.001; 
AS= 10.76 DBH + 0.18 DBH2) than L. decidua (AS= 4.78 DBH + 0.02 DBH2). P. 
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abies showed more variable and thicker sapwood (5.6±2.2 cm) compared to L. 
decidua (2.3±0.8 cm), which translated into higher AS for P. abies (Figure 6.1b). 
When applying these functions on the leaf area data (covering 59 sites across 
Switzerland), similar AL:AS values of 0.457 and 0.532 were found for P. abies and 
L. decidua respectively (p= 0.265 using a linear mixed-effect model; Figure 6.1c; 
see  Table S6.2). The species-specific AL:AS values were used to determine E from 
Fd by using the tree specific AS (Table 6.1), where P. abies has a mean AS of 710 
cm2, with exceptionally high values for N13W, and L. decidua 307 cm2. 
 A substantial delay between sunrise and start of Fd was revealed for both P. 
abies and L. decidua (see Figure S6.2). No significant difference in delay was 
found between sites (p >0.1; using a linear mixed-effect model, see Table S6.3), 
despite within species differences in height and DBH across the sites (Table 6.1). 
P. abies showed a significantly longer delay of 2 h and 45 min, while L. decidua 
showed an average delay of 1 h and 45 min (difference of ≈60 min, p <0.001; 
Table S6.3). Also, the spread of the delay and thus the uncertainty was higher for 
P. abies. 
 Over the four years of monitoring, E was consistently higher for L. decidua 
(Figure 6.2a) than P. abies (Figure 6.2b). Additionally, the seasonal pattern of E 
was more pronounced for L. decidua (showing a stronger parabolic shape) and 
showed stronger differences between sites than P. abies with the highest E at N13 
(Figure 6.2a, b). In July 2015, a strong drought was recorded, resulting in a 
gradual decrease in E for L. decidua at N13 (Figure 6.2c), while P. abies showed 
an even stronger response and halted transpiration at N13 and S16 (Figure 6.2d). 
This drought caused an inverse pattern between N13 and N13W, where N13 
showed lower E within July 2015 compared to N13W for both species. 
Species-specific crown conductance response to environmental conditions 
The analysis of L. decidua and P. abies crown conductance revealed that there is 
a species-specific difference in their maximum crown conductance (gsap.max), 
while no significant effect of mean annual growing season temperature was found 
(p >0.5; Figure 6.3). L. decidua showed a significantly higher mean gsap.max of 
132.06 g m-2 s-1 kPa-1 compared to P. abies (49.18 g m-2 s-1 kPa-1; p <0.001; using 
a linear mixed-effect model). This difference was also found for maximum 
stomatal conductance (gs.max), which was significantly higher for L. decidua (7.8 
mm s-1) compared to P. abies (with a value of 3.5 mm s-1; p= 0.008). The 
calculated gs.max fell within the expected range for gymnosperms (Kelliher et al. 
1993; Arneth et al. 1996). 
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 Only the N13 site experienced a large enough variability in ψsoil for 
addressing species-specific crown conductance response to soil drought (Figure 
6.4). Daily gsap/gsap.max showed a slightly more negative response to D for L. 
decidua (Figure 6.4a). Only small significant changes in the slope were obtained, 
when using a linear mixed effect model (-δ is increased by 0.042, p <0.001). For 
the response to ψsoil L. decidua showed consistently higher gsap/gsap.max values 
(gsap.ref L. deicuda > P. abies; Figure 6.4b; p= 0.164). The slopes of the linear 
relationship between gsap/gsap.max and ψsoil did not significantly differ between the 
two species (Λ in Figure 6.4b). Although less affected by assumptions on delay 
time and projected leaf area, daily gsap cannot be used at the intra-daily time scale 
to uncover potential inter-specific variability of water conductance. 
 
Figure 6.2 Seasonal and diurnal variations of transpiration (E) per site (indicated with elevation 
in m a.s.l. and specific dry or wet growing conditions) and species. The average E per site and 
species is presented (in g H2O m-2 leaf area h-1), accounting for the lag-time of Fd measurements. 
Weekly means of daily maximum E are shown for Larix decidua (a) and Picea abies (b) for the 
four years of monitoring. Additionally, for a drought period in 2015 a snap-shot of hourly E is 
provided for L. decidua (c) and P. abies (d). Note that L. decidua at the lowest dry site (N13) 
showed highest E under normal conditions (a), but lowest E during a drought period (c). For 
every panel the daily mean Ta and ψsoil measurements are provided. 
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Figure 6.3 Dependency of maximum crown conductance (99th quantile gsap.max) on mean annual 
growing season temperature (Ta from May to October), measured during the four years of 
monitoring, for all individuals (dots) and generalized for both species (L= Larix decidua and 
P= Picea abies). Days with precipitation >1 mm and mean daily D <0.1 kPa were excluded. 
 
 
Figure 6.4 Daily mean standardized crown conductance (gsap /gsap.max) for Larix decidua and 
Picea abies against D and ψsoil at N13, which was the driest site in the study. The species-
specific conductance response to D (a) and ψsoil (b) are provided. Additionally, we show the 
Gaussian distribution of the fitted parameters using μ (mean) and σ (standard deviation), derived 
from the linear mixed effect model (using the individual as a random factor), and indicate 
significant difference with lines (p <0.05; using a bootstrap resampling, with n= 1000).  
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Within-species differences in stomatal conductance response across sites 
The response of standardized stomatal conductance (gs/gs.max) to D, Ta, Rg and ψsoil 
revealed different responses between sites and species (Figure 6.5). The response 
to D showed a typical negative exponential behaviour in agreement with 
theoretical expectations to D (Roman et al. 2015; Figure 6.5a, b), with a stronger 
initial decrease for L. decidua than P. abies with increasing D (see Table 6.3 
functions with a= -0.364±0.051 and b= -0.676±0.084 compared to -0.402±0.071 
and -0.753±0.080, respectively). Yet, little within-species difference in L. decidua 
and P. abies response was found between the sites, except for the more gradual 
slope of the function for L. decidua trees at S22 (see Table 6.4 and Figure 6.5a). 
 
Figure 6.5 Response functions of the bootstrap boundary-line analysis for Larix decidua and 
Picea abies with standardized canopy conductance (gs/gs.max) fitted against (a, b) vapour 
pressure deficit (D), (c, d) air temperature (Ta), (e, f) solar irradiance (Rg) and (g, h) soil water 
potential (ψsoil). For Ta (c,d) the inflection points (see the parameter b in Table 6.3) and for Rg 
(e, f) the slopes (see parameter a in Table 6.3) are presented in the inset boxplots, originating 
from the 1000 times bootstrap resampling. The mean (μ) curve and the 95% confidence interval 
(CI) are provided. 
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Table 6.4 Non-linear models used within the boundary-line analysis. For each site and species 
(LD= Larix decidua and PA= Picea abies) median and standard deviation of a and b parameters 
are provided, as obtained from the bootstrap resampling (n=1000). 
Formula Spec. Var. Site 
N13 N13W S16 S19 S22 
gs-D = a – bD-0.5 
 
LD 
a -0.347±0.02 -0.294±0.01 -0.385±0.02 -0.361±0.02 -0.443±0.03 
b -0.663±0.02 -0.571±0.01 -0.685±0.03 -0.642±0.02 -0.827±0.03 
PA 
a -0.386±0.06 -0.320±0.02 -0.450±0.05 -0.408±0.05 - 
b -0.743±0.07 -0.657±0.03 -0.805±0.06 -0.764±0.06 - 
gs-Ta = 1/( 1+e-a(Ta-b) ) 
LD 
a 0.916±0.29 1.012±0.38 1.195±0.32 0.733±0.10 0.729±0.09 
b 6.480±0.29 5.246±0.24 5.241±0.24 3.239±0.21 4.173±0.16 
PA 
a 0.650±0.29 0.481±0.08 0.602±0.08 0.558±0.06 - 
b 3.399±0.40 3.051±0.38 3.301±0.25 3.426±0.17 - 
gs-Rg = 1-e-a(Rg-b) 
LD 
a 0.012±0.00 0.010±0.00 0.006±0.00 0.003±0.00 0.006±0.00 
b -12.18±58.68 -7.48±97.69 -50.64±35.99 -115.71±32.25 -85.76±25.93 
PA 
a 0.014±0.00 0.015±0.00 0.006±0.00 0.004±0.00 - 
b 9.134±9.09 5.350±9.20 -38.56±25.65 -51.28±23.13 - 
gs-ψsoil = 1/( 1+a e(-ψsoil b) ) 
LD 
a 0.072±0.02 - - - - 
b 3.654±0.39 - - - - 
PA 
a 0.142±0.03 - - - - 
b 3.239±0.31 - - - - 
The stomatal conductance response to Ta showed distinct differences 
between the species (Figure 6.5c, d). The fitted Gompertz functions (Table 6.3), 
to describe the response of gs/gs.max to Ta, revealed little difference in the inflection 
point (Ta where the slope of the function is steepest; b parameter in Table 6.4) 
between sites for P. abies (average of 3.3 °C; Figure 6.5d). On the other hand, L. 
decidua showed changing inflection point temperatures for higher elevation sites, 
decreasing from 6.5 to 3.2 °C (Figure 6.5c). The slope of the inflection point did 
not differ from the 95% confidence interval between the sites (parameter a in 
Table 6.4). Although the shift of the inflection points to lower Ta at sites with 
lower growing season temperature for L. decidua did not surpass the inflection 
point found for P. abies, an absolute offset between the species became apparent 
when considering the higher gs.max values for L. decidua (see Figure S6.3a). 
Similar differentiation between sites was found when considering Ts, although the 
95% confidence interval was substantially larger (especially for P. abies; see 
Figure S6.3b). 
The gs/gs.max response to Rg (Table 6.3) showed for both species that above 
1000 W m-2 global irradiance was no longer limiting for conductance (Figure 6.5e, 
f). Higher elevation sites appeared to respond more slowly to increasing Rg when 
considering the slope of the fitted function (parameter a in Table 6.4), where S19 
showed the flattest slope with 0.003-0.004 W-1 m-2 (Figure 5e, f). Additionally, the 
response functions indicated that higher elevation sites allowed for higher 
conductance when Rg approached 0 W m-2 (parameter b in Table 6.4). Only the 
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N13 site showed sufficient spread in ψsoil for response curve fitting, therefore 
intra-specific comparison of gs/gs.max to ψsoil was not possible. However, P. abies 
showed a stronger decrease in conductance with increasing ψsoil, as was found for 
gsap (Figure 5g, h). 
Impact of plastic gs response functions 
Within-species differences in the stomatal conductance response functions to D, 
Ta and Rg was further highlighted by the calculated daily mean E for high- (S22 
and S19) and low-elevation (N13) L. decidua (Figure 6.6a, d) and P. abies using 
the Penman-Monteith equation (Table 6.5). After considering the phenological 
development (Figure 6.6 c, f), S22 L. decidua would transpire up to 5.1±0.7 kg m-
2 yr-1 less (4.6±0.7 for S19) if it had a similar Ta response as N13 L. decidua. The 
difference in E due to the altered Ta response is mainly caused by the additional 
transpiration at the end of the growing season (Figure 6.6b). For N13 an increase 
of 3.7±1.0 (added to 124.8±12.1 kg m-2 yr-1) would be expected if L. decidua 
responded like the trees at S22. Here, the main difference is detected at the 
beginning of the growing season during colder conditions (Figure 6.6e). P. abies 
does not show a distinct change in E due to changing response functions (Table 
6.4). Both the alteration in Rg and D response shows less consistent consequences 
for E, although N13 L. decidua would transpire up to 22.2±1.8 kg m-2 yr-1 more if 
it had the more gradual D response function of S22 L. decidua (Table 6.5). 
Table 6.5 Modelled transpiration (E) considering alternative response functions for air 
temperature (Ta), global irradiance (Rg) and vapour pressure deficit (D), compared to site-
specific response functions. As an example, if Larix decidua gs-response to Ta for S22 
(presented in Figure 6.5) would be similar to that of N13, then transpiration would have been 
reduced by 5.1 kg m-2 yr-1. The annual mean and standard deviation of modelled transpiration 
are provided for the transpiration seasons of 2012-2015 for L. decidua and Picea abies growing 
under climatic conditions for S22, S19 and N13. The transpiration season is defined by the sap 
flow measurements (see Figure 6.2). 
Species Site E [kg m-2 yr-1] Effect of alternative response function [kg m-2 yr-1] 
Larix decidua 
S22 63.7±4.8 
Ta (N13) Rg (N13) D (N13) 
-5.1±0.7 -7.3±0.9 -9.6±1.3 
S19 59.7±5.4 
Ta (N13) Rg (N13) D (N13) 
-4.6±0.7 +0.6±0.5 +4.7±1.0 
N13 124.8±12.1 
Ta (S22) Rg (S22) D (S22) 
+3.7±1.0 +10.6±0.9 +22.2±1.8 
Ta (S19) Rg (S19) D (S19) 
+4.8±1.3 -7.1±2.4 -11.3±0.8 
Picea abies 
S19 46.0±4.0 
Ta (N13) Rg (N13) D (N13) 
+0.4±0.1 +0.3±0.4 -0.2±0.1 
N13 46.6±6.4 
Ta (S19) Rg (S19) D (S19) 
-0.3±0.0 -2.6±0.6 0.0±0.1 
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Figure 6.6 Modelled daily transpiration (E) patterns for Larix decidua under the climatic 
conditions of S22 (a-c) and N13 (d-f). Note the different scales of E for the S22 and N13 
conditions. Response functions presented in Figure 6.5 are used to model the site response of 
E, where the Ta response was site-specific or exchanged with the response function of the site 
at the opposite end of the elevational transect. For example, for L. decidua growing at S22 the 
gs-response to Ta would be replaced with the Ta response function observed at N13, resulting in 
a difference in modelled daily E (highlighted in blue in a and b). The difference in E induced 
by the replaced Ta response function is presented with ∆E (in g m-2 d-1; purple lines in a and d). 
Additionally, mean daily Ta is provided (orange) with the dashed line indicating 0 °C. To 
highlight the differences, a snapshot is provided for the growing season of 2015 for S22 (b) and 
N13 (c). The modelled E was corrected for phenological development, where we corrected E 
for absence (0) to full crown development (1) using a phenological development model (c and 
f). 
6.4 Discussion 
Conifers growing at temperature-limiting conditions and exposed to shorter 
growing season optimize water transport to facilitate carbon assimilation and its 
use (Wieser 2007; Rossi et al. 2008; Körner 2012). Here, we showed that two 
conifer species commonly occurring at high elevations in Europe apply 
contrasting strategies in regulating their stomatal conductance (gs), a key 
mechanism for controlling tree hydrodynamics and water use. The analysis of four 
years of sap flow measurements revealed that the pioneer species L. decidua 
facilitated higher water conductance while regulating water loss during droughts 
more tightly than a climax species like P. abies. Additionally, the within-species 
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ability to adjust their gs response to environmental conditions differed between 
species, where L. decidua appeared more plastic. 
Higher maximum crown and stomatal conductance for L. decidua 
Our study revealed that the two conifer species differed in their efficiency to 
transport water, where L. decidua showed a >2 times higher maximum water 
conductance per unit leaf area (maximum stomatal conductance, gs.max) and per 
unit sapwood area (maximum crown conductance, gsap.max; Figure 6.3) than P. 
abies (despite P. abies showing an often higher water use due to the larger 
sapwood area; see Table 6.1). The species-specific difference in conductance is 
highlighted by the higher average transpiration (E) for L. decidua than P. abies 
over the four years of observations (Figure 6.2), although P. abies is able to reach 
higher transpiration levels at sites with warmer growing season temperatures than 
found in this study (e.g., Wullschleger et al. 1998). This species-specific 
difference in conductance at high elevations was also found by Anfodillo et al. 
(1998), with higher hydraulic conductance for deciduous L. decidua compared to 
evergreen P. abies or Pinus cembra L. Interestingly, none of our species showed 
a significant increase in maximum conductance at higher elevations (Figure 6.3), 
although this is commonly reported and attributed to wider tree spacing and more 
intense radiation (see Körner 2012). This absence of gs.max plasticity could be 
attributed to the uncertainty in AS or AL:AS values. Yet, P. abies had consistently 
higher AS values and variability compared to L. decidua in line with other studies 
(e.g., Longuetaud et al. 2006; Nawrot et al. 2008). Additionally, the AL:AS values 
fell in a range expected for these gymnosperms (see Tyree & Zimmermann 2002). 
Adjusting xylem anatomical properties is an important mechanism for 
regulating gs.max and could explain species-specific differences in maximum 
conductance (Körner 2012; Locosselli & Ceccantini 2012; Klein 2014). The 
higher gs.max for L. decidua could be facilitated by a larger average tracheid lumen 
area compared to P. abies, reducing the resistance for water transport up to the 
crown (Tyree & Zimmermann 2002). According to Poisson’s law (see Tyree & 
Zimmermann 2002), when assuming a lumen area difference of 700 and 1300 μm2 
for P. abies and L. decidua, respectively (e.g., Carrer et al. 2017), we find 
agreement, with a 3 times higher hydraulic conductance for L. decidua compared 
to P. abies. Although, these findings have to be confirmed with in situ anatomical 
measurements, they indicated that the xylem structure largely affects the 
maximum hydraulic conductance. Additionally, xylem density increases with 
elevation, where narrower tracheids and thicker cells walls help to avoid winter 
embolisms (Mayr 2007). This results in a decrease in lumen area and may prevent 
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high-elevation conifers from increasing gs.max. Otherwise, leaf related 
explanations include osmotic adjustments within the stomata enabling this species 
to maintain high conductance during summer (Badalotti et al. 2000) or species-
specific differences in leaf traits like stomatal size and density (Körner et al. 1986; 
Luomala et al. 2005; Locosselli & Ceccantini 2012). 
Species-specific variations in water use strategies 
The exceptional July 2015 drought, with low soil water potential (ψsoil) and high 
air temperature (Ta), caused a transpiration stop in low elevation P. abies (N13; 
Figure 6.2d), while L. decidua showed a strong reduction (Figure 6.2b). 
Surprisingly, we found no evidence to support our hypothesis that more drought 
sensitive P. abies would apply a stronger water-saving strategy, by down 
regulating conductance to increasing vapour pressure deficit (D) faster than L. 
decidua (see Figure 6.4). The fact that the P. abies response function to D is not 
adjusted to drier growing conditions (e.g., no steeper decrease in gs with 
increasing D at the drier site compared to the wet site; Figure 6.5b) could be 
explained by the low occurrence of severe droughts within this ecosystem. This 
is supported by Grossiord et al. (2017) who did found no adjustment of the gs 
response to D after five years of precipitation reduction in a semi-arid region. On 
the contrary, L. decidua appeared to show a slightly stronger downregulation with 
increasing D compared to P. abies (Figure 6.4a), which matches with observations 
by Oren et al. (1999b) and Leo et al. (2014) for Larix sp. and Picea abies. When 
considering soil drought responses, P. abies exhibited consistently lower relative 
conductance with decreasing ψsoil (or increasing drought; Figure 6.4b), as shown 
by Leo et al. (2014). Yet, the slopes of the response of gsap/gsap.max to ψsoil are 
similar, hinting to the fact that the shallower rooting strategy of P. abies versus L. 
decidua is potentially causing less water uptake and storage refilling (Oberhuber 
et al. 2015), instead of a stomatal specific response. 
 The stronger downregulation of gs to D for L. decidua could be explained 
by its larger tracheids being disputably more prone to cavitation (Bouche et al. 
2014). Another explanation could be that the thinner cuticula of the deciduous L. 
decidua dehydrates faster and thus initiates stomatal closure faster with higher D 
(Mayr 2007). Although our results might be interpreted as L. decidua being 
slightly isohydric (i.e., more actively regulating stomatal conductance to maintain 
constant leaf water potential) than P. abies in mountainous ecosystems, we did 
not perform continuous stem water potential (ψstem) measurements to confirm that 
L. decidua maintains more constant ψstem (see Roman et al. 2015). Nevertheless, 
the more active downregulation of gs with increasing D does support that L. 
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decidua might be more effective in maintaining hydraulic functioning under drier 
growing conditions compared to P. abies. 
Next to the environmental regulation of gs, a species-specific difference 
was found in the delay between sap flow diurnal fluctuations and the driving 
meteorological conditions (due to water storage in the stem; Braun et al. 2010). 
When comparing start of sap flow and sunrise, we found that P. abies sap flow 
response to sunrise took one hour longer compared to L. decidua. Also, the 
duration of diel hydraulic functions of L. decidua is longer when compared to P. 
abies. As no effect of stem length could be found, one could assume that the 
earlier stomatal conductance response of L. decidua enables this species to 
transpire longer during the course of the day. Alternatively, the asynchronous 
delay could be explained by the difference in both xylem and phloem capacitance 
(Zweifel et al. 2001; Meinzer et al. 2009; Matheny et al. 2015).  
Interestingly, asynchronous and contrasting tree hydrodynamics between 
co-occurring boreal conifers was also found in the southern limit of the boreal 
ecozone in central Canada (Larix laricina and Picea mariana; Pappas et al. 2018) 
and have been attributed to whole-plant traits coordination along the ‘fast-slow’ 
plant economics spectrum (Reich 2014). More specifically, the deciduous Larix 
is characterised by a “fast” traits strategy with higher rates of resource acquisition 
and use, resulting also in higher water conductance while the evergreen Picea is 
characterised by a “slow” traits strategy, with slower growth rates and thus lower 
water conductance (Pappas et al. 2018).       
Inter-specific variability in stomatal conductance plasticity 
We did not find evidence to support a plastic adjustment of the gs response to D 
for L. decidua and P. abies when growing under persistently different growing 
season temperatures, as found by Grossiord et al. (2017). When comparing sites 
across the elevational gradient, only L. decidua growing at the tree line site (S22) 
showed a different gs response, with higher conductance below 1.5 kPa (Figure 
6.5a, b). Although the response-function shift at S22 potentially increases 
transpiration by ≈10 kg m-2 yr-1 (Table 6.5), this shift does not appear to relate to 
increasing elevation (as S19 and S16 show a similar response-function as N13; 
Figure 6.5a, b) and is thus difficult to attribute to the decreasing growing season 
temperatures. This lack of apparent plasticity in stomatal response to D for high 
elevation conifers is consistent with Poyatos et al. (2007) who found little 
evidence for Pinus sylvestris L. adjusting the gs sensitivity to D when comparing 
sites with mean annual temperature ranging from -3.7 to 9.8 °C. 
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We observed that high elevation conifers adjust their gs response to Ta 
(Figure 6.5c) and Rg (Figure 6.5e, f) depending on elevation. Surprisingly, only L. 
decidua at higher elevations showed a plastic gs response to Ta (Figure 6.5c, d), 
with a significant inflection point shift of +0.87 °C per 1 °C increase in growing 
season temperature (May-October; similar to the Ts response in Figure S6.3). Crop 
species have shown a similar plasticity in their gs response to temperature (e.g., 
Yamori et al. 2010), but to our knowledge, studies showing this plastic gs response 
for trees are missing. In this study, we showed that the observed plasticity of the 
gs-Ta response enables high-elevation L. decidua to transpire up to ≈5 kg m-2 yr-1 
more (Table 6.5). In particular, high-elevation L. decidua would benefit from this 
lower operational temperature at the end of the growing season (Figure 6.6b). At 
lower elevations, the adjusted gs-Ta response was marginally beneficial in 
preventing water loss during cold periods in the beginning of the growing season 
(Figure 6.6e). Potential reasons for high-elevation L. decidua to maintain higher 
transpiration rates at the end of the growing season include the increase of water 
transport to facilitate higher carbon assimilation, despite less favourable thermal 
conditions for photosynthetic activity (Wieser 2007), or the increased facilitation 
of nutrient transport (Mayr 2007). This type of plasticity could be facilitated by 
changing enzymatic activity and thus maintaining photosynthetic activity and 
transpiration under less favourable conditions (see Hikosaka et al. 2006). It could 
also involve a change in osmotic potential to keep stomata open (Badalotti et al. 
2000). Unlike L. decidua, P. abies did not show plasticity in its gs response to 
temperature. We hypothesize that the difference in plasticity between species 
could either be explained by the deciduous life strategy of L. decidua, with a 
shorter vegetative season compared to evergreen species, or due to the fact that 
pioneers need to deal with a larger range of environmental conditions, demanding 
higher maintenance respiration and protection against freezing damage. 
 Both species showed a weaker downregulation of gs with decreasing Rg at 
higher elevations, highlighted by a decrease in the gs response slope (Figure 6.5e, 
f). This plasticity of the gs-Rg response is likely regulated by an osmotic pressure 
change within the guard cells, facilitated by specific photoreceptors (Buckley & 
Mott 2013). The slower gs increase with increasing Rg at higher elevations for 
both species, as well as incomplete stomatal closure at night, could facilitate a 
faster response to sunrise, thus extending the daily transpiration activity and 
counteracting the shorter growing season at these mesic sites (Daley & Phillips 
2006). Another possible explanation could be the interplay between Rg and 
atmospheric CO2 concentration, where the mechanisms to open the guard cells 
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with increasing light change depending upon the CO2 concentration (Buckley & 
Mott 2013; Tor-ngern et al. 2014). 
The study by King et al. (2013b) revealed a genetically well-mixed 
population within the Lötschental, supporting our plasticity hypothesis over 
adaptation. Yet, transplantation experiments could aid in further testing this 
hypothesis, as changes in gs response to environmental drivers might take a 
considerable amount of time to become apparent (Livingston & Black 1987). 
Notwithstanding, our results show that models estimating evapotranspiration 
patterns with generalized gs response functions might underestimate the 
transpiration amount at high elevations (and potentially high latitudes). A recent 
modelling study also pinpointed the importance of plant trait plasticity in 
explaining the recent increase in forest water-use efficiency (Mastrotheodoros et 
al. 2017). Moreover, the vegetation modelling community acknowledges the 
fundamental role of inter- and intra-specific plant trait variability and plasticity in 
the resulting terrestrial carbon, water and energy dynamics and should stimulate 
the move towards a trait-based representation of vegetation functioning (Scheiter 
et al. 2013; Fyllas et al. 2014; Sakschewski et al. 2015; Pappas et al. 2016). 
Finally, if we want to fully grasp the effect of climatic change on the hydraulic 
functioning of different tree species, we should move away from focussing on 
only one hydraulic mechanism (like gs) and apply a more holistic approach, 
including photosynthetic activity, the tree’s water storage capacity, wood 
anatomical structure and other traits defining the hydraulic architecture (e.g., Egea 
et al. 2011; Köcher et al. 2013). Thus, more detailed studies on the plasticity of 
plant functional traits along environmental gradients could help to better quantify 
the magnitude of plasticity and variability in plant functional traits, as well as the 
timescales for these functional changes to occur. Such information would improve 
the parameterization of terrestrial ecosystem models and would result in more 
constrained predictions of the water, carbon and energy dynamics under changing 
environmental conditions. 
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Table S6.1 Parameters for the pedotransfer functions established for converting θ into ψsoil at 
two depths per monitoring site (see Teepe et al. 2003). The strength of fit is not high due to 
high stone content and heterogeneity within the soil. Because of this we do not recommend 
applying these functions at other locations. The saturated water content (θs), residual water 
content (θr) and empirical constants α and n are provided, in addition to the goodness-of-fit of 
the model. 
Site Soil depth  
[cm] 
θs 
[Vol. %] 
θr 
[Vol. %] 
α 
[kPa-1] 
n 
[-] 
Goodness of 
fit [R2] 
N13 10 74.4 7 0.535 5.79 0.408 
 70 62.6 0 0.598 3.079 0.852 
N13W 10 93 0 2.577 1.344 0.223 
 70 - - - - - 
S16 10 66.4 0 2.949 1.706 0.540 
 70 40.6 0 1.044 1.704 0.564 
S19 10 74.8 0 1.046 2.391 0.583 
 70 55.2 0 0.773 2.187 0.539 
S22 10 78.4 14 0.794 3.478 0.722 
 70 65.7 0 0.713 2.809 0.768 
Table S6.2 Results for linear mixed-effect models analysing allometric relationships between 
diameter at breast height (DBH), sapwood area (AS) and leaf area (AL) as presented in Figure 
6.1. We selected AS and AL as the dependent variables, against DBH and AS as independent 
variables, respectively. Random effects include the sites, where we accounted for a random 
intercept and slope. 
Formula Fixed effects Estimates SE p Random 
effects 
AS ~ 0 + DBH + DBH2 * Species 
+ (DBH | Site) 
[Figure 6.1b] 
L. decidua DBH 4.78 0.82 <0.001 Site 
(intercept 
and slope) 
P. abies DBH 5.98 1.20 <0.001 
L. decidua DBH2 0.02 0.01 0.081 
P. abies DBH2 0.16 0.02 <0.001 
AL ~ AS * species + (AS | Site) 
[Figure 6.1c] 
Intercept: L. decidua 0.09 0.05 0.068 
P. abies -0.14 0.05 0.011 
AS 1.00 0.09 <0.001 
P. abies AS -0.09 0.08 0.265 
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Note S6.1 Sap flow measurement processing. 
Two 20 mm long stainless steel probes with 2 mm diameter were radially inserted into the 
xylem (below the cambium), with a vertical distance of 10 cm on the slope-facing side of the 
stem at ≈1.6 m height. The temperature difference between the continuously heated upper and 
unheated lower probe was measured (∆T [°C]) and recorded with 15-minute resolution on a 
data logger (Campbell Scientific, USA, CR1000). The difference (denoted as unitless K [-]) 
between measured ∆T and zero sap flow conditions (denoted as ∆Tmax; see Lu et al. 2004) was 
calculated. The method proposed by Oishi et al. (2016) was used to determine ∆Tmax, where 
pre-dawn ∆Tmax values (Rg <100 W m-2) were retained when Ta was <1 °C or D was <0.1-0.05 
kPa for a period of two hours (D threshold depending on elevation). Also, the coefficient of 
variation of pre-dawn ∆T should be below 0.5%, to ensure selection of nights with stable zero-
flow conditions. The maximum pre-dawn ∆T of the selected days was used as ∆Tmax and linearly 
interpolated to provide continuous daily ∆Tmax series. 
For trees showing a reduction in K against time since installation [t], a tree-specific 
function was fitted to generate a correction curve. Both a seasonality (day of year; DOY) term 
and t were used as independent variables for the correction curve. A non-linear model was fitted 
to the daily maximum K, excluding rainy days (<1 mm d-1) and low maximum K values (<0.05) 
to generate the correction curve (Kcor): 
𝐾cor =
( 𝑎 +  𝑏 ∙ 𝑡)
(1 +  𝑐 ∙ 𝑡 + 𝑑 ∙  𝑡2)
+   𝑒 ∙ DOY + 𝑓 ∙ DOY2 
  
(Eq. 1.1) 
The fitted parameters for t (with a, b, c and d; see Table S6.1.1) were used to correct K and 
scale them to the maximum value of the first year of installation. 
Next, Fd was calculated from K (Granier 1985) using a species-specific calibration curve 
established with cut-stem calibration for the two species according to Steppe et al. (2010; Fd= 
26.236 K + 56.495 K2, see Figure S6.1.1 and Table S6.1.2). The heat conducting properties of 
the wood (relationship between K and Fd) was established for each tree species using a 
laboratory calibration experiment on fresh cut-stem segments. The segments were collected 
from four trees per species, which we harvested at the Centre for Studies on Alpine 
Environment of the University of Padova located in the Dolomite mountain region (Italy, San 
Vito di Cadore), as harvesting stems in the Lötschental was logistically difficult. See Peters et 
al. (In press.) for a more detailed description. 
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Figure S6.1.1 Results from the laboratory 
calibration experiment on fresh cut stem 
segments as described in Steppe et al. 
(2010). Four stems of Picea abies and Larix 
decidua were harvested at the Centre for 
Studies on Alpine Environment of the 
University of Padova located in the 
Dolomite mountain region (latitude: 
46.45139, longitude: 12.21417) and used 
within the cut stem segment calibration. The 
stems had a diameter ranging from 12-20 cm 
with a length of ≈25 cm. Calibration curves 
to calculate Fd were established by 
comparing artificial flows induced 
gravimetrically through a stem segment 
against K measured with TDM probes. The 
calibration curve was established by fitting a 
second order polynomial function. 
Table S6.1.1 Parameter overview for non-linear models when explaining the dampening effect 
K (pre-dawn ∆Tmax) with time since installation (t [days]) and seasonality (DOY in day of year) 
for Picea abies (PA) and Larix decidua (LD). For every tree values of the variable (a-f) are 
provided, in addition to the residual standard error (RSE) and degrees of freedom (df). The final 
column indicates whether K was corrected, as the tree showed distinct dampening. 
Species Tree Non-linear model  
a b c d e f RSE df Reduction 
PA N13WAd_S1 0.14* 0.000* -0.001* 1.2E-06 2.1E-03 -5.46E-06* 0.038 527 Yes 
N13WAd_S2 -0.33 0.001 1.137 4.2E-04 3.0E-03 -7.55E-06* 0.053 541 No 
N13WBd_S3 0.14* 0.000 0.001 1.8E-06 1.1E-03* -3.16E-06* 0.028 437 Yes 
LD N13WAd_L1 -1.39* -0.004 0.002 4.0E-08* 1.8E-02* -4.13E-05* 0.043 403 Yes 
N13WBd_L2 -0.59* -0.001 0.001 7.6E-08 1.1E-02* -2.44E-05* 0.046 375 Yes 
N13WBd_L3 -0.70* -0.002* 0.002* 6.0E-08 1.2E-02* -2.72E-05* 0.042 413 Yes 
PA N13Ad_S1 0.28* 0.005* 0.039* 2.4E-06 2.6E-05 -7.39E-07* 0.023 375 Yes 
N13Ad_S2 0.28* 0.002 0.011 -1.7E-06 3.9E-04 -2.07E-06* 0.058 415 Yes 
N13Bd_S3 0.23* 0.003 0.020 1.8E-06 1.5E-03* -4.76E-06* 0.061 480 Yes 
LD N13Bd_L1 -0.19* -0.005* 0.007* 1.1E-06* 9.7E-03* -2.35E-05* 0.094 436 Yes 
N13Bd_L2 -0.31* -0.002 0.004 -3.6E-07 6.2E-03* -1.57E-05* 0.051 337 Yes 
N13Ad_L4 -0.58* -0.005 0.006 8.9E-07 1.2E-02* -2.67E-05* 0.133 438 No 
PA S16Ad_S2 0.17* 0.000* 0.000 -6.6E-07 1.1E-03* -3.27E-06* 0.031 277 Yes 
S16Bd_S2 0.21* 0.001 0.007 -7.8E-07 0.6E-03* -2.29E-06* 0.040 519 No 
S16Bd_S4 0.31* 0.000 0.006* -3.6E-06 0.6E-03* -2.30E-06* 0.024 324 Yes 
LD S16Ad_L1 -0.64* -0.002 0.002 2.2E-07 9.7E-03* -2.24E-05* 0.036 282 Yes 
S16Bd_L1 -0.11* -0.003* 0.005* 8.2E-07 5.6E-03* -1.30E-05* 0.023 407 Yes 
S16Ad_L4 -1.01* 0.000* 0.000 0.0E-07 12.9E-03* -2.92E-05* 0.034 171 Yes 
PA S19Ad_S2 0.28* 0.008 0.069* -5.4E-06 6.7E-04 -1.85E-06* 0.041 329 No 
S19Bd_S2 -0.03 0.000 0.002 2.6E-06 5.0E-03* -1.23E-05* 0.062 478 No 
S19Bd_S3 0.15* 0.000 0.011* -2.2E-06* 7.8E-04* -2.12E-06* 0.019 434 Yes 
LD S19Ad_L1 0.02 -0.003* 0.010* 1.9E-06* 2.9E-03* -6.84E-06* 0.017 249 No 
S19Bd_L1 -1.78* -0.003 0.001 5.2E-08* 2.1E-02* -4.64E-05* 0.043 382 Yes 
S19Ad_L3 -0.39* -0.012* 0.018* -5.5E-07* 7.5E-03* -1.71E-05* 0.019 269 No 
LD S22Ad_L1 -1.12* -0.028 0.025 -1.2E-06 13.1E-03* -2.98E-05* 0.030 311 Yes 
S22Ad_L2 -0.26* -0.002* 0.002* 8.3E-07* 6.0E-03* -1.32E-05* 0.032 321 Yes 
S22Ad_L3 -1.71* -0.007* 0.003* 2.9E-07* 20.1E-03* -4.60E-05* 0.037 306 Yes 
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Table S6.1.2 General statistics of linear mixed-effect modelling for the thermal dissipation 
calibration curves for Picea abies and Larix decidua together. The slope (Estimate), standard 
error of the slope (Std. error), frequentist statistics (t-value, p), goodness of fit [R2] and the 
Akaike Information Criterion (AIC) is provided. 
Formula (in R) Random 
effects 
Coefficients Estimate Std. 
error 
t-
value 
p R2 AIC 
lmer( SFD ~ 0 + K + 
I(K^2) + (K | tree) ) 
Tree:  
Int. var.= 1.3 
K var.= 46.4 
K 26.236 1.56 16.85 <0.001 0.96 283.9 
I(K^2) 56.495 4.51 12.53 <0.001 
 
Figure S6.1 Phenological 
observations when Larix 
decidua showed 50% 
coverage of its crown with 
leaves, during leaf 
development and 
senescence. The latest 
observed date of leaf 
development and earliest 
data of leaf senescence 
were used to correct the 
sap flow data (using a 
week margin). 
  
 
Table S6.3 Results for linear mixed-effect models analysing the delay between sunrise and start 
of sap flow, as presented in Figure S6.2. Relative delay time frequency, as the dependent 
variable, was tested against species and site as independent variables. After testing overall 
effects, species were separated and analysed against the site effect. Random effects included 
the individuals and we corrected for the high first-order auto-correlation. SE, standard error of 
fixed effect estimates; SD, standard deviation of random factor; Phi, first-order autocorrelation 
coefficient. 
Variable Fixed effects Estimates SE p Random 
effects 
SD Phi 
Species + Site Intercept: L. decidua N13 120.42 8.77 <0.001 Individual  18.42 0.258 
Species: P. abies 65.63 7.90 <0.001    
Site: N13W 13.85 11.09 0.225    
Site: S16 5.23 11.18 0.645    
Site: S19 2.31 11.16 0.838    
Site: S22 -13.49 14.27 0.355    
Species =  
“L. decidua” 
+ Site 
Intercept: N13 126.94 8.31 <0.001 Individual 13.30 0.257 
Site: N13W 7.20 11.83 0.556    
Site: S16 8.31 12.05 0.506    
Site: S19 -20.45 12.01 0.119    
Site: S22 -19.90 11.95 0.127    
Species =  
“P. abies”  
+ Site 
Intercept: N13 179.47 11.78 <0.001 Individual 19.68 0.260 
Site: N13W 20.61 16.61 0.250    
Site: S16 2.36 16.69 0.891    
Site: S19 24.76 16.67 0.176    
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Figure S6.2 Relative 
frequency of the delay 
time between sunrise and 
start of sap flow. Delay 
time is expressed in 15 
minute delay classes and 
the frequency is defined 
as the amount of days 
falling within a class. For 
every elevation and 
species three individuals 
are presented with a cubic 
smoothing spline. 
 
 
 
 
 
 
 
 
Figure S6.3 Non-linear 
canopy conductance 
(gs/gs.max) curves fitted 
against (a) atmospheric 
(Ta) and (b) soil 
temperature (Ts) scaled to 
the maximum average site 
conductance (gs.max). All 
species and sites are 
presented, as the 
inflection points of the 
gompertz functions with 
the vertical lines (see 
Table 6.3). 
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Note S6.2 For the stomatal conductance (gs) we applied the following code within R (software 
version 3.2.00, R development core team 2013). 
gs_eImp <- function(e,t,vpd,elv){ 
#Calculates surface conductance based on imposed evaporation (simplified version of Penman-Monteith for aerodynamically 
#well-coupled conditions). 
#Input: # vpd: vapor pressure deficit [kPa] 
#t: air temperature [°C] 
#elv: elevation [m a.s.l.] 
#e: transpiration [g m-2 h-1] 
# Output: 
#gs: canopy conductance [m s-1] 
#Set constants  
cp <- 1.01                                                                                #Heat capacity of air [J g-1 K-1] 
#Helper variables 
zeroK <- 273.15                                                                      #0 °C in K 
hundredK <- 373.15                                                 #100 °C in K 
gammaT <- 0.005                                   #Temperature lapse rate [k m-1] 
rAir <- 287.04                                   #Gas constant for dry air [J kg-1 K-1] 
  rWat <- 461.5                                  #Gas constant for water vapour 
  pZero <- 1013.25  #Standard air pressure 
  g <- 9.81                                   #Gravitational acceleration [m s-2] 
  #Functions of temperature (adapted from PREVAH subroutine EPMONDT / FORHYCS subroutine EVAP) 
  tk <- t+zeroK 
  tr <- 1.0-(hundredK/tk) 
  tp <- tk+gammaT*elv/2.0                                  #Potential temperature                 
  pt <- pZero * exp(-g*elv/rAir/tp)                                 #Atmospheric pressure 
  lambda <- 2500.8 - 2.36*t + 0.0016*(t^2) - 0.00006*(t^3) #Latent heat of vaporization of water [J g-1] 
  gamma <- (pt*cp/lambda/(rAir/rWat))*100.0                 #Psychrometric "constant" [Pa K-1] 
  rhoAir <- (pt/(rAir*tk)) * 100000.0                                 #Density of air [g m-3] 
  #Unit conversion 
  e <- e/3600                                                                            # hours to seconds 
  vpd <- vpd*1000  #kPa to Pa 
  vpd[which(vpd<100)]<-NA                                                  #Remove values below 100 Pa 
  gs <- (lambda*e*gamma)/(rhoAir*cp*vpd) 
  return(gs)} 
.
  
 
Fstem = (Ψsoil – ΨXstem)
Rx
Latewood
Rhw
Fd
Dstem
fstem
TRW
Hydraulics
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Abstract 
Environmental regulation of tree growth is generally modelled with 
photosynthetic activity, despite the increasing recognition that turgor dynamics in 
the cambium is a key driver for xylem formation. While mechanistic models can 
now simulate turgor-driven radial stem growth and potentially improve growth 
predictions, they lack validation on annual timescales. We modelled turgor-driven 
growth, by using intra-daily tree hydraulics to simulate diameter variations of the 
stem, and compared it to weekly xylogenesis observations and ring width. We 
used four years of sap flow and dendrometer measurements from Picea abies (L.) 
Karst. and Larix decidua Mill. along an elevational gradient with contrasting 
thermal and soil water conditions. The model was used to analyse hydraulic 
dynamics in the stem and environmental conditions that limit turgor-driven 
growth. Good agreement was found between simulated and observed radial 
growth. Growth was unlikely to occur at temperatures below 2 °C or soil water 
potentials lower than -0.6 MPa, while water transport to the crown was 
maintained. Furthermore, the model indicated that P. abies has difficulty 
maintaining hydraulic functioning during droughts. Our results suggest that turgor 
and its environmental drivers are important for regulating radial growth and 
should be considered when assessing forest productivity under changing 
environmental conditions. 
7.1 Introduction 
Woody stems in plants provide a pathway for water and nutrients transport 
(Sperry et al. 2008), mechanical support for the canopy (Fournier et al. 2006) and 
storage room for carbohydrates, water and defence compounds (Kozlowski & 
Pallardy 1997). In conifers, ≈90% of the stem’s xylem is composed of dead 
tracheids, which are progressively formed via cell division by the cambium (a 
lateral meristem) and mature through cell enlargement, secondary cell wall 
formation, lignification and apoptosis (Vaganov et al. 2006; Rathgeber et al. 
2016). The annual increase in stem radius (i.e., radial growth) mainly depends on 
the number of new cells produced by cambial division and their ability to enlarge 
under given environmental conditions (Rathgeber et al. 2011b; Cuny et al. 2015). 
Considering the impact of climate change on forest productivity and carbon 
sequestration (Pan et al. 2011; Frank et al. 2015), the environmental regulation of 
wood formation is increasingly studied (e.g., Rossi et al. 2008; Rossi et al. 2013; 
Cuny et al. 2014; Steppe et al. 2015). 
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Wood formation has often been directly associated with the tree’s 
photosynthetic activity and thus linked to trends in CO2, light, temperature, water 
and nutrients, i.e., the carbon source (Boisvenue & Running 2006; McMurtrie et 
al. 2008). Based on this principle, dynamic global vegetation models (DGVMs) 
commonly provide predictions on forest growth and subsequent feedback on 
future climate (Cox et al. 2000; Sitch et al. 2008). However, DGVM simulations 
show a mismatch with tree-ring based estimates of biomass increment, especially 
when considering the tree’s climatic sensitivity, growth and recovery after 
extreme climatic events (Babst et al. 2013; Anderegg et al. 2015; Zhang et al. 
2017). Additionally, when comparing biomass increment with carbon uptake, 
derived from flux tower measurements, limited agreement between the inter-
annual dynamics is found (Rocha et al. 2006; Ohtsuka et al. 2009; Babst et al. 
2014c; Delpierre et al. 2016). A prominent hypothesis to explain these 
mismatches is that wood formation might not be solely limited by carbon 
production (Fatichi et al. 2014). For example, experiments comparing apical 
meristem growth with photosynthetic activity showed that growth under colder 
and drier conditions decreases earlier than photosynthetic activity (Parent et al. 
2010; Muller et al. 2011). Additionally, observations of cambial activity in mature 
trees confirmed that cell division only occurs above 5-6 °C (Rossi et al. 2016), 
which is above the photosynthetic minimum of ≈0 °C (Saxe et al. 2001; Körner 
2008). Thus, our predictions of forest productivity likely depend on a deeper 
understanding of how environmental drivers regulate wood growth, i.e., the 
carbon sink (Guillemot et al. 2017; Hayat et al. 2017; Huntzinger et al. 2017).    
Although xylogenesis observations provide valuable insights into wood 
formation dynamics (e.g., Cuny et al. 2015), mechanistic models are needed to 
fully disentangle the mechanisms underlying growth (see Tardieu 2010). Turgor 
pressure in cambial cell vacuoles has been advanced as an important growth-
related mechanism since it can determine the initiation and rate of cell 
enlargement (Lockhart 1965; Cosgrove 1986; Abe et al. 1997). Based on this 
mechanism, Génard et al. (2001) simulated radial growth occurrence when turgor 
pressure in the cambium exceeds a defined threshold. A recently developed 
mechanistic whole-tree model, based on internal stem hydraulics, simulated intra-
daily growth (of both xylem and phloem) by means of turgor pressure (Steppe et 
al. 2005; De Schepper & Steppe 2010). In addition, the model provided new 
insights into tree internal hydraulic regulations, e.g., assessing the xylem 
hydraulic resistance (Rx) and capacitance of tissues facilitating water storage 
(Cstorage) (e.g., Steppe et al. 2008; De Swaef et al. 2014; Baert et al. 2015; Salomón 
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et al. 2017). However, so far such models only provide realistic results when 
applied to short periods of a few months. To validate that turgor pressure is an 
important mechanism in regulating annual growth, independent wood-formation 
data on both, inter- and intra-annual time scales are needed to validate extended 
model simulations (Fonti & Jansen 2012; Steppe et al. 2015). Such comparisons 
should preferably be performed during droughts and at sites where temperature is 
limiting tree growth (e.g., at the treeline; see Körner 2003; Körner 2012), as then 
larger discrepancies between photosynthetic activity and growth rate are expected 
(Fatichi et al. 2014). 
 In this study, we make use of a mechanistic whole-tree model to compare 
simulated turgor-driven growth of Larix decidua Mill. and Picea abies (L.) Karst., 
growing at contrasting site conditions, with benchmarked inter- and intra-annual 
xylogensis observations. For four years we monitored sub-hourly tree hydraulics 
(i.e., sap flow and dendrometer measurements) and weekly to annual growth rates 
of trees along a steep thermal gradient (stretching to the treeline) and contrasting 
wet and dry growing conditions in a Swiss Alpine valley (see Peters et al. In 
press). We hypothesize that inter- and intra-annual growth patterns can be well 
explained with turgor dynamics at temperature-limiting growing conditions and 
during drought events, as low temperatures and low soil water potentials prevent 
turgor pressure to build-up and initiate growth. Additionally, we assume that 
growth rates decline more severely than the conductance of water (i.e., needed for 
facilitating photosynthesis) with decreasing temperature and increasing drought, 
where little to no growth will occur if temperature decreases below 5° C. Finally, 
the hydraulic parameters extracted with the model could provide information on 
the tree’s hydraulic integrity. For instance, an increase in Rx during droughts could 
indicate increased cavitation of xylem conduits (e.g., Salomón et al. 2017). We 
thus expect dry sites to show more dynamic patterns in hydraulic parameters, as 
embolisms in the water conduction xylem and depletion of storage water 
occurring during droughts alters the dynamics of both Cstorage and Rx. 
7.2 Materials and methods 
Study design and model description 
This study makes use of the mechanistic whole-tree model presented in De 
Schepper & Steppe (2010), simulating turgor-driven radial wood growth. The 
model requires detailed information on tree-specific allometric characteristics, 
high-resolution meteorological data and tree physiological measurements and 
parameters. The model was calibrated for all individuals monitored in the 
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Lötschental and the simulated radial growth rates were compared to observations 
of radial growth, water use and environmental conditions (Figure 7.1). 
Additionally, we compared calibrated hydraulic parameters across sites and 
species. 
 Turgor-driven growth was modelled by simulating internal water transport 
and stem diameter variation (De Schepper & Steppe 2010, excluding carbon 
transport). In short, the model considers three compartments, including the roots, 
stem (trunk of the tree until the crown base) and crown (Figure 7.1b). The stem is 
modelled by three coaxial cylinders including the heartwood (defined by the 
radius of the heartwood; Rhw), water conducting sapwood (which together with 
Rhw defines Rxyl) and an elastic stem storage compartment (cambium and phloem 
tissue; ds). The model simulates water exchange between stem compartments 
induced by transpiration, which allows assessment of the differences in water 
potentials between compartments (or tissues). Water transport from the roots 
through the sapwood (Fstem [g h-1]) is determined by the difference between root 
water potential (ψroot [MPa]) and stem water potential (ψstem [MPa]) divided by 
the hydraulic resistance of the xylem (Rx [MPa h g-1]). The mismatch between 
Fstem and the water transported to the crown (Fcrown [g h-1]; sap flow measurements) 
defines the amount of water that is used from the storage compartment (fstorage), 
which is calculated with the resistance for radial water transport (Rs [MPa h g-1]) 
and the capacitance of the tissue to release water (Cstorage [g MPa-1]). Thus, the 
model estimates the storage water potential (ψstorage [MPa]) and subsequently the 
volume of water in the storage compartment (Vstorage [m3]). Depending on the 
initial osmotic potential (Πis [MPa]), these dynamics are used to determine the 
turgor pressure in the storage tissue (ψPs [MPa]). Growth occurs when ψPs exceeds 
a threshold value for cell wall yielding (Γ [MPa]; Lockhart 1965), which increases 
both the dimensions of the phloem and xylem compartment dimensions (which 
fractional investment is defined by fgrowth). The amount of irreversible growth is 
determined by accounting for the extensibility of cell walls (ɸ [MPa-1 h-1]), while 
assuming that enough carbon is available. Daily reversible fluctuations in Dstem 
are determined by pressure changes in sapwood (affected by its elastic modulus; 
εx [MPa]) and storage tissue (determined by the storage tissue elastic modulus; εs 
[MPa]) using Hooke’s law (see De Schepper & Steppe 2010). See Table 7.1 for 
an overview of all the modelling parameters and the supporting information for 
the model equations (see Note S7.1). 
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Figure 7.1 Location and experimental setup within the Lötschental (a) and a schematic 
description of the mechanistic whole-tree model (b). Sites are located at every 300 m a.s.l. from 
the valley bottom (at ≈1300 m a.s.l.= 13) to the treeline (at ≈2200 m a.s.l.= 22) on either the 
north- (= N) or south-facing (= S) slope. At the valley bottom, an additional site provides 
contrast in soil water availability (dry= d and wet= w). The model assesses tree-internal flows 
when water moves from the soil to the atmosphere and consists of three compartments where 
water enters (roots) flows (stem) and exits the tree (crown). The stem compartment includes 
four tissues, where non-functional bark and heartwood are hydraulically inactive, while the 
sapwood and phloem facilitate water transport and store water, respectively. Water flow is 
driven by transpiration (Fcrown) and utilizes either water moving from the soil (Fstem) or from 
the storage compartment (fstorage), which affects the pressure (ψstorage) and turgidity of the storage 
tissue, and consequently the outer stem diameter (Dstem). Flows depend on environmental 
conditions (indicated in orange) and the tree’s allometric and physiological properties 
(indicated in purple). Xylem growth (Rxyl; i.e., radial wood growth) occurs when turgor in the 
forming tissues exceeds a threshold (Γ). The resulting daily growth rates and crown 
conductance (gc) were compared to radial growth observations and environmental conditions. 
A description of all variables and parameters used by the model are presented in Table 7.1. 
Site description and meteorological measurements 
The five study sites selected for this study are all located in the Lötschental, a 
valley situated in the Swiss Alps (46°23′40″ N, 7°45′35″ E; Figure 7.1a). Four 
sites (N13d, S16, S19 and S22) are distributed along an elevational gradient from 
the valley bottom (≈1300 m a.s.l.) to the treeline (≈2200 m a.s.l.), in addition to a 
site with wetter conditions (N13w) to contrast the neighbouring dry site at the 
valley bottom (N13d). The slopes are covered by a mixed forest of evergreen 
Picea abies (L.) Karst. and deciduous Larix decidua Mill. The valley bottom has 
a mean annual temperature of 5.7° C and mean annual precipitation of 800 mm 
(data from MeteoSwiss surface observation network). The mean growing season 
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temperature (May-October temperature from 2007-2015) decreases by 3.2 °C 
when moving from the valley bottom (N13d) up to the treeline (S22). 
At each site, micrometeorological conditions were monitored from April 
2012 to October 2015, including 15-min resolved air temperature (Ta [°C]) and 
relative humidity (RH [%]; Onset, USA, U23-002 Pro; also used to calculate 
vapour pressure deficit or D [kPa], see WMO 2008), as well as hourly soil 
volumetric water content (θ [%]; Decagon, USA, EC-5) and soil water potential 
measurements at 10 and 70 cm depth (ψsoil [MPa]; Decagon, USA, MPS-2). The 
ψsoil and θ measurements were used to establish soil water retention curves at each 
site in order to estimate ψsoil from θ for 2012-2015, as ψsoil measurements only 
started in autumn 2014 (see van Genuchten 1980; Teepe et al. 2003). Hourly 
global radiation (Rg [W m-2]) was measured at N13d using a micro-station (Onset, 
USA, H21-002 Micro Station) and pyranometer (Onset, USA, S-LIB-M003). 
Allometric and physiological measurements 
At each site two to three trees per species were selected for the continuous 
monitoring of stem radius (∆Rstem [μm] of the xylem and bark, 1-h resolution) and 
sap flux density (Fd [cm3 m-2 h-1], 15-min resolution). In total, 20 dominant and 
mature trees were monitored (11 L. decidua and 9 P. abies; see Table 7.2; e.g., 
Figure 7.2). Allometric properties were collected from the monitored trees, 
including stem diameter at breast height (DBH [cm]), tree height [m], stem length 
up to the crown base (lstem [m]; Vertex, Haglöf, Sweden), sapwood and heartwood 
thickness (Rihw [cm]) (measured from two increment cores taken perpendicular to 
the slope; using an increment borer, Haglöf, Sweden) and bark thickness (Tbark 
[cm]) at breast height. Additionally, measurements of phloem thickness (Tphloem 
[mm]; using a Trephor puncher; Tesaf, University of Padova, Italy) of 140 trees 
were taken across the Alps to obtain robust allometric relationships with DBH 
(see Table S7.1; Tphloem was used to define ds). See Table 7.2 for an overview of 
the sampled trees and allometric properties. 
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Table 7.1 Overview of model parameters. Source indicates if the parameter is measured, given 
as a standard value or calibrated. For all calibrated parameters, we applied standardized initial 
values and calibration ranges established from literature. 
Sym. Unit Description Values (cal. range) Source 
Constants  
Ρw g m
-3 Density of water 1e+06 Standard 
Tree dimensions   
lstem m Length of the stem Individual specific Measured 
𝐷stem
i
 m 
Initial diameter of the outer 
diameter of the stem segment 
(DBH) 
Individual and time specific Measured 
ds m 
Initial thickness of the stem 
storage compartment (phloem) 
Determined by an allometric equation with DBH 
(see Figure S7.1 and Table S7.2) and corrected for 
the offset with the observed thickness (Table 7.1) 
Measured 
𝑅hw
i
 m 
Initial radius of the non-
conductive xylem (heartwood) 
Individual and time specific assuming sapwood 
thickness stays constant. For each year the original 
Rhw (Table 7.1) is corrected for the ring width 
Measured 
Water relations   
Cstorage g MPa
-1 
Capacitance of the stem 
storage compartment 
1000 
(50-10,000) 
Wronski et al. 1985; Milne 
& Young 1985; Hunt et al. 
1991; Kobayashi & Tanaka 
2001; Verbeeck et al. 2007b; 
Zweifel et al. 2007 
Rx
 MPa h g-1 
Flow resistance in the stem 
compartment of the active 
xylem (sapwood) 
0.0001 
(1e-6-0.1) 
Milne & Young 1985; Hunt 
et al. 1991; Magnani & 
Borghetti 1995; Verbeeck et 
al. 2007b; De Schepper & 
Steppe 2010 
Rs
 MPa h g-1 
Echange resistance between 
the active xylem of the stem 
and the storage compartment 
(bark) 
0.01 
(1e-5-0.5) 
Milne & Young 1985; Hunt 
et al. 1991; Verbeeck et al. 
2007b 
∏s
i  MPa 
Initial osmotic pressure of 
living tissue of the stem 
1.2 
(0-5) 
Jones 1992 
fwater unitless 
Water fraction of the stem 
compartment 
0.4 
Tyree 1988; Perämäki et al. 
2001; Kravka & Čermák 
1999 
kleaf unitless 
Proportionality constant for 
calculating ψstem 
0.708 
Determined by an allometric equation between ψleaf 
and ψstem (see Figure S7.2 and Table S7.3) 
Measured 
Stem diameter dynamics   
Ԑ0 m
-1 Proportionality constant 
50 
Adopted to let the elastic modulus range around  
0-30 MPa 
Génard et al. 2001; 
Steppe et al. 2005 
Ԑx
 MPa Elastic modulus of the xylem 1500 
Irvini & Grace 1997; Hölttä 
et al. 2006; De Schepper & 
Steppe 2010 
ɸ MPa-1 h-1 
Extensibility of cell walls in 
relation to non-reversible 
dimensional changes 
(xylogenesis) 
0.006 
Hsiao et al.1998; Génard et 
al. 2001; Steppe et al.2005; 
De Schepper & Steppe 2010 
Г MPa Threshold turgor pressure 0.9 
Génard et al. 2001; Steppe et 
al. 2005; De Schepper & 
Steppe 2010 
fgrowth fraction 
Fraction of growth 
contributing to xylem 
formation  
0.9 
Determined by recalculating literature values  
(see Figure S7.3) 
Prislan et al. 2013; Gričar et 
al. 2016 
Climate data   
𝜓soil
i  MPa Initial soil water potential  Site and time specific Measured 
ksoil unitless 
Proportionality constant for 
calculating ψroots 
S22/S19/S16/N13W= 1, N13= 0.25 
 Established by comparing pre-dawn ψleaf against 
ψsoil (see Figure S7.4) 
Verbeeck et al. 2007b 
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Measurements of ∆Rstem were performed with high-precision point 
dendrometers (Ecomatik model DR, Munich, Germany) and Fd using 
commercially available thermal dissipation probes (Tesaf, University of Padova, 
Italy; according to Granier 1985). Both sensors were installed at the stem height 
of ≈1.6 m on the side facing slope height. Dstem ([cm]; ∆Rstem * 2, required for 
model calibration) was calculated with the tree diameter when considering the 
xylem and phloem (DBH – Tbark * 2 + Tphloem * 2). Fd was calculated by using the 
method described in Peters et al. (In press; applying a species-specific calibration, 
dampening correction and environmental dependent ∆Tmax). Fd was multiplied by 
the sapwood area (Asap [cm2]) to obtain water flow to the crown (Fcrown [g h-1]) 
needed as input for the model. To improve model calibration, leaf water potential 
(ψleaf [MPa]) measurements were taken at N13d, N13w and S22 during four 
diurnal campaigns (2-hour interval from 05:00 to 21:00 CET on 19-04-2014, 27-
05-2015, 21-07-2015 and 24-09-2015) and weekly at midday (11:00-15:00 CET) 
during the 2015 growing season. Measurements were performed using a 
Scholander pressure chamber (Boyer 1967) on four twigs (≈5 cm) per tree. During 
the diurnal campaigns some twigs were covered with aluminium foil, two hours 
prior to sampling (see Begg & Turner 1970) to also assess stem water potential 
(ψstem [MPa]). 
Observations of radial growth 
Xylem formation was monitored on inter- and intra-annual timescales, using 
increment cores collected in November 2015 and weekly micro-cores (see Rossi 
et al. 2006a) collected in 2012 and 2013 from three to four neighbouring trees. 
Inter-annual growth was established for the monitored trees by measuring ring 
width [mm] from cross-dated increment cores (as described in Peters et al. 2017). 
Intra-annual wood formation was derived via xylogenesis observations of the 
collected micro-cores (see Moser et al. 2009). Observations included cell-counts 
of the number of cells in cambial, enlargement, wall thickening and mature zones 
on thin-sections. These cell-counts were standardized by the total number of cells 
of the previous ring (see Rossi et al. 2006b). Additionally, the lumen area and the 
cell wall thickness of tracheids were measured on digital images from thin-
sections (see von Arx et al. 2016) of increment cores from the neighbouring trees 
using ROXAS (von Arx & Carrer 2014). The anatomical measurements were 
aggregated into tracheidograms according to Peters et al. (2018) and combined 
with the xylogenesis data to time cell and xylem radius (Rxyl) development at each 
site (see Cuny et al. 2014). For the comparison with the modelling output,  
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Rxyl (in μm d-1) was standardized to the annual maximum Rxyl, to assess the 
dynamics rather than the absolute values. 
Table 7.2 Characteristics of the monitored trees with an indication of the type of model 
calibration applied. For each individual the diameter at breast height (DBH), stem length (lstem), 
initial thickness of the storage tissue (ds), age and sapwood thickness are provided. Two 
calibration procedures were applied, including the 2015 weekly calibration using ψleaf 
measurements (Cal. 2015) and the moving-window calibration over the entire growing season 
(Cal. MW). 
Elevation 
[m a.s.l.] 
Species 
 
Tree 
 
DBH 
[cm] 
lstem 
[m] 
ds 
[cm] 
Age 
[yrs] 
Sapwood 
thickness [cm] 
Cal. 
2015 
Cal.  
MW 
1300 (dry) Larix 
decidua 
N13Bd_L1 29.5 7.2 0.46 131 1.5 X X 
N13Bd_L2 32.0 10 0.36 128 1.8 X X 
Picea 
abies 
N13Ad_S1 30.7 2.8 0.48 90 2.5 X X 
N13Ad_S2 48.1 2.9 0.33 93 5.3 X X 
1300 (wet) 
Larix 
decidua 
N13WAd_L1 78.0 8.2 0.80 148 2.2 X X 
N13WBd_L2 89.3 8.8 0.83 164 2.4 X X 
N13WBd_L3 52.0 5.6 0.37 134 2.4 X X 
Picea 
abies 
N13WAd_S1 81.0 3.1 0.66 85 9.1 X X 
N13WAd_S2 62.8 5.8 0.63 81 6.9 X X 
N13WBd_S3 80.7 4.4 0.71 109 9.0 X X 
1600 Larix 
decidua 
S16Bd_L1 75.2 15 0.40 371 3.5  X 
S16Ad_L1 38.5 13 0.39 69 2.6  X 
Picea 
abies 
S16Ad_S2 38.2 6.7 0.74 62 4.2  X 
S16Bd_S2 56.2 13 0.53 461 2  X 
1900 Larix 
decidua 
S19Ad_L1 48.0 5.3 0.28 200 3.2  X 
S19Bd_L1 48.7 9.8 0.51 326 1.8  X 
Picea 
abies 
S19Ad_S2 34.1 8.8 0.62 137 1.7  X 
S19Bd_S2 47.5 5.5 0.29 229 5.5  X 
2200 Larix 
decidua 
S22Ad_L1 47.0 8.9 0.59 269 2.4 X X 
S22Ad_L2 55.7 5.5 0.45 280 3.1 X X 
Modelling and statistical analyses 
Model simulations, calibrations, sensitivity and identifiability analyses were 
performed using the plant modelling software PhytoSim (version 2.1, Phyto-IT, 
Mariakerke, Belgium). Two different types of model calibrations were used for 
different subsets of trees. First calibrations were performed for the measurements 
in 2015 for 7-day periods where ψleaf was measured (at N13d, N13w and S22). 
These weekly calibrations were performed to analyse the behaviour of hydraulic 
parameters (Rx, Cstorage, Πis and Rs). Additionally, as leaf water potential (ψleaf) 
measurements were not available for all years, we performed analyses to test 
model performance when including Cstorage or Rx, as a fixed parameter. See Note 
S7.2 for a detailed description on the model performance analyses and calibration 
procedure. These results supported using Cstorage as a fixed parameter when 
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applying the model on periods without ψleaf measurements (see Note S7.3) 
Secondly, a 7-day moving-window calibration with fewer calibration parameters 
(fixing Cstorage and Πis) was applied on 4 growing seasons for all trees, referred to 
as growing season calibrations (see Note S7.2). Sensitivity and identifiability 
analyses were performed to determine which subset of model parameters was both 
sensitive enough and not collinear (De Pauw et al. 2008). 
 
Figure 7.2 Overview of physiological and meteorological measurements from 2012 until 2015 
used in the model for two trees at two sites (Larix decidua at S22= S22Ad_L1 and Picea abies 
at N13d= N13Ad_S2). (a) Vertical dotted lines indicate the boundary between calendar years. 
Measurement frequency is weekly for leaf water potential measurements (ψleaf) and xylogenesis 
observations (Rxyl), 15 min for sap flow (Fcrown) and hourly for dendrometer (Rstem) 
measurements. (b) Environmental measurements of daily mean air temperature (T) and soil 
water potential (ψsoil) collected at S22 (in grey) and N13d (in black). 
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The simulated and weekly-averaged daily growth patterns were compared 
to xylogenesis observation and annual ring width. To analyse the environmental 
response of turgor-driven radial stem growth, simulated daily growth rates [mm 
d-1] were related to daily mean Ta and ψsoil. Additionally, the crown conductance 
(gc [gwater m-2sapwood s-1 kPa-1]) response to Ta and ψsoil was analysed. Daily mean 
crown conductance was determined by using D and Fd according to Meinzer et 
al. (2013): 
𝑔𝑐 =
(𝐹d ∗ 10000 3600⁄ )
𝐷
 
(Eq. 1) 
where we calculated gc for every 15-min time-step and excluded measurements 
where Rg is below 500 W m-2, to avoid delay effects between sap flow and 
transpiration during dawn and dusk. To account for collinear environmental 
factors, we analysed Ta when removing all data with a ψsoil below -0.2 MPa, while 
for ψsoil we removed all Ta data below 11 °C. The probability for growth and gc to 
occur was calculated by determining the fraction of data points below a threshold 
(<5 μm d-1 for growth and <15 g m-2 s-1 kPa-1 for gc). Data processing and 
statistical analysis on the comparison between model output and validation data 
was performed with linear mixed-effect models (including the site or individual 
as a random factor) with the software R (version 3.2.00, R development core team 
2013). 
7.3 Results 
Model performance 
Hydraulic parameters addressed with weekly model calibrations in 2015 (May-
October; see Table 7.2), showed stable fits for 55% (139 out of 252) of the 
individual calibrations. At N13d, drought periods and data gaps caused difficulties 
in obtaining stable parameter values (37 out of 48 7-day periods were successfully 
calibrated). S22 showed less successful calibration due to the late start of the 
growing season and early start of the dormancy period (21 out of 42), while N13w 
showed the highest success rate (81 out of 126). Clear differences were found 
between simulated growth rates at the end of the growing season (little to no Rxyl 
expansion), and periods during the growing season where the xylem diameter 
increased (Figure 7.3c, d). The identifiability analysis showed that Cstorage, Rx, Πis 
and Rs where both sensitive and identifiable (e.g., Figure S7.5). 
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Figure 7.3 Measured and simulated water potentials (a, b), diameter variations (c, d) and water 
flows (e, f) in Picea abies at N13w (N13WAd_S2) during non-growth (a, c, e) and growth (b, 
d, f) periods. Soil water potential (ψsoil; a, b) and sap flow (Fcrown; e, f) were used as model 
inputs, while leaf water potential (ψleaf indicated by M.; a, b) and diameter variations (Dstem 
indicated by M.; c, d) were measured. Growth of the xylem (Dxyl; d) occurs during night-time, 
when cell turgor pressure (ψps; a, b) exceeds the critical value for wall-yielding (Γ). The flow 
of water to and from the storage tissue (fstorage) affects the turgor pressure, which is defined by 
the mismatch between Fcrown and direct stem water flow (Fstem; e, f). 
Variability in hydraulic properties 
The hydraulic capacitance of the storage tissue (Cstorage) ranged from 50 to 7222 g 
MPa-1, with the highest values at the lower elevation wet site (N13w). Although 
higher Cstorage values was calibrated at wetter and colder sites (N13w and S22, 
respectively; Figure 7.4a), no significant differences were found when correcting 
for the size of the storage tissue (Vstorage in Table 7.3) between sites and species 
(μ= 0.0221 g MPa-1 cm-3 and p= 0.128 across species and sites; L. decidua μ= 
0.0263, p= 0.228 across sites; P. abies μ= 0.0152, p= 0.3524 across sites). 
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Table 7.3 Mean and standard deviation of the model parameters for individual trees and 
averaged per species obtained from the weekly calibrations during the growing season of 2015 
(see Table 7.2). Calibrated parameters include; the hydraulic resistance through the xylem (Rx), 
storage tissue hydraulic capacitance (Cstorage), initial osmotic potential (Πis) and hydraulic 
resistance from the storage tissue to the xylem (Rs). Storage tissue volume (Vstorage) and ratio 
between sapwood area and stem length (Asap/lstem) which are used to standardize to Cstorage and 
Rx for Figure 7.4 are also provided. 
Site Species Tree 
 
 
Cstorage 
[g MPa-1] 
 
Rx 
[MPa h g-1] 
 
Πis  
[MPa] 
Rs 
[MPa h g-1] 
 
Vstorage 
[cm3] 
Asap/lstem 
[cm-1] 
N13d 
Larix decidua 
N13Bd_L1 264.2±324.7 0.00037±0.00016 1.48±0.50 0.0207±0.0122 25107 0.15 
N13Bd_L2 1218.5±1150.2 0.00079±0.00051 1.14±0.23 0.0019±0.0014 32512 0.14 
Picea abies 
N13Ad_S1 164.9±73.0 0.00260±0.00267 0.95±0.27 0.0350±0.0376 12648 0.75 
N13Ad_S2 125.6±59.1 0.00015±0.00004 1.42±0.11 0.0057±0.0064 13857 2.35 
N13w 
Larix decidua 
N13WAd_L1 4162.5±1820.6 0.00010±0.00003 1.35±0.17 0.0074±0.0048 143007 0.57 
N13WBd_L2 1192.6±699.3 0.00013±0.00004 1.21±0.36 0.0034±0.0029 169520 0.62 
N13WBd_L3 1110.8±816.0 0.00029±0.00011 1.35±0.24 0.0124±0.0121 27937 0.54 
Picea abies 
N13WAd_S1 1058.6±721.4 0.00005±0.00001 1.53±0.43 0.0207±0.0087 49296 6.14 
N13WAd_S2 375.3±176.5 0.00017±0.00003 1.54±0.34 0.0117±0.0030 70277 1.99 
N13WBd_S3 1751.1±1652.1 0.00008±0.00003 1.64±0.45 0.0094±0.0028 76463 4.36 
S22 Larix decidua 
S22Ad_L1 1518.4±901.3 0.00041±0.00021 1.32±0.24 0.0080±0.0094 69129 0.33 
S22Ad_L2 1759.8±1032.0 0.00014±0.00007 1.56±0.17 0.0140±0.0206 37492 0.79 
All 
Larix decidua  1603.8±1220.2 0.00032±0.00024 1.34±0.14 0.0097±0.0065 72101 0.45 
Picea abies  695.1±699.1 0.00061±0.00111 1.42±0.27 0.0165±0.0117 44508 3.12 
The hydraulic resistance through the xylem (Rx) ranged from 0.00003 to 
0.00753 MPa h g-1, with slightly higher average values at N13d (Table 7.3). When 
calculating the resistivity from Rx using Asap/lstem (Table 7.3), P. abies showed a 
tendency for higher values (μ= 5.79*10-4 MPa h g-1 cm-1, p= 0.0604) compared to 
L. decidua (μ= 9.94*10-5 MPa h g-1 cm-1; Figure 7.4b). This difference is more 
apparent at N13w (P. abies μ= 3.28*10-4 MPa h g-1 cm-1, L. decidua μ= 1.01*10-
4 MPa h g-1 cm-1, p= 0.0028). Relatively higher standardized Rx was found during 
periods with more negative soil water potential only for P. abies (slope= -0.0068, 
p <0.001), and not for L. decidua (slope= 1.317*10-5, p= 0.721). However, only 
five calibrations were possible during drier conditions. A significant higher 
standardized Rx value was found for P. abies at N13d (N13d μ= 0.00142 MPa h 
g-1 cm-1, N13w μ= 0.00033 MPa h g-1 cm-1, p= 0.00024), while for L. decidua 
only slightly higher values for S22 (N13d μ= 7.58*10-5 MPa h g-1 cm-1, N13w μ= 
0.0001 MPa h g-1 cm-1, S22= 0.00013 MPa h g-1 cm-1, p= 0.0189). Yet, there is no 
significant different between N13w and S22 (p= 0.1289). The initial osmotic 
potential (Πis) ranged from 0.36 to 2.45 MPa and radial hydraulic resistance to the 
storage tissue (Rs) ranged from 0.00021 to 0.09238 MPa h g-1. Across species a 
consistent temporal pattern of decreasing Πis with day of year was found (P. abies 
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slope= -5.44*10-3 MPa-1, p= 0.0002, L. decidua slope= -2.43*10-3 MPa-1, p= 
0.0071). No significant difference was found across sites and species for these 
parameters (p >0.005). 
 
Figure 7.4 Boxplots of 2015 weekly calibrated parameters grouped per site- and species and 
effect of parameter fixing on model performance. (a) Cstorage, corrected for individual storage 
tissue volume. (b) Rx recalculated into resistivity, by multiplying it with the ratio between 
sapwood area and stem length (Asap/lstem). Significant within species difference are highlighted 
with *. 
Growing season Rxyl dynamics and simulated ring width 
The comparison of weekly-averaged daily xylem growth rates of the growing-
season calibrations (e.g., Figure 7.5) with xylogenesis observations for 2012 and 
2013 (Figure 7.6a; Table 7.4) shows the highest agreement for L. decidua at S22 
(R2= 0.88, p <0.0001). The correlation decreases with elevation, with lowest 
correlation at N13d for 2013 (R2= 0.13, p= 0.082). On average, the goodness of 
fit was slightly lower for P. abies compared to L. decidua (R2= 0.53 and 0.68, 
respectively). For P. abies, the highest correlations were found at N13w for 2012 
(R2= 0.81, p <0.0001). The largest mismatches were found at the end of the 
growing season, where simulated growth stopped earlier than observations at S16 
and N13d, especially for P. abies (Figure 7.6a). 
 A comparison of simulated vs. measured ring width from 2012-2015 
showed a significant positive linear correlation across sites and species (Figure 
7.6b). The slope of 0.85 (p <0.0001, n= 72; with the site as a random factor) 
indicates a small overestimation of the simulated ring width. A less accurate fit 
was found for L. decidua at S19 (S19Ad_L1), with larger simulated ring widths 
(only for 2013 and 2014 due to data gaps). The 95% Bayesian credible interval 
(see Gelman & Hill, 2007) shows an offset of ≈1 mm. For the moving-window 
calibrations consistent patterns where found for Rs and Rx, with higher values at 
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the beginning and the end of the growing season (e.g., Figure 7.5). Additionally, 
higher Rs and Rx values were found at the site with drier conditions (see Figure 
S7.7). 
 
Figure 7.5 Example of a 7-day moving-window calibration with an overlap of 3 days for the 
growing season of 2012 for a Larix decidua tree growing at S22. (a) Simulated stem diameter 
(blue line) calibrated to stem diameter measurements (black points/line). The simulated xylem 
diameter increase was used to derive annual and daily growth rates (orange line). (b) Rs (black 
points) and Rx (red points) have been calculated for each calibration window. 
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Figure 7.6 Comparison between turgor-driven growth and radial growth observations. (a) 
Xylogenesis-derived daily xylem growth rate (Rxyl; with shading indicating the standard 
deviation) against simulated values (coloured lines) for the 2012 and 2013 growing seasons. 
Data are averaged over all measured individuals (see Figure S7.6) and scaled by the maximum 
daily growth rate for comparison. (b) Simulated ring widths from 2012-2015 compared with 
observed ring widths from the increment cores per individual and grouped per site (different 
symbols) and species (Larix decidua=LD; in orange; Picea abies= PA; in cyan). The solid line 
indicates a linear regression and the shaded areas show the Bayesian credible interval of the 
fitted function (see Gelman & Hill 2007). Both 2013 and 2014 ring width for the tree S19Ad_L1 
(see Table 7.2) deviate from the other measurements. 
Table 7.4 Statistics of linear correlations between weekly standardized daily xylem growth and 
corresponding model growth grouped for 2012 and 2013. Significant correlations are identified 
with *. Due to data gaps, no correlations could calculated for Picea abies in 2012. 
Site 
 
Species 
 R2 
2012 
p n 
 
R2 
2013 
p n 
N13d L. decidua 0.62* 5.78e-05 18 0.13* 8.15e-02 18 
P. abies    0.25* 1.38e-02 20 
N13w L. decidua 0.55* 1.41e-04 20 0.76* 3.64e-07 20 
P. abies 0.71* 1.18e-06 21 0.81* 3.54e-08 20 
S16 L. decidua 0.86* 2.47e-09 20 0.69* 3.26e-06 20 
P. abies 0.49* 3.48e-04 20 0.32* 7.13e-03 19 
S19 L. decidua 0.82* 2.39e-08 20 0.69* 3.46e-06 20 
P. abies 0.44* 1.51e-03 18 0.71* 6.58e-06 18 
S22 L. decidua 0.88* 6.70e-09 18 0.77* 1.20e-06 18 
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Environmental controls on daily growth and crown conductance 
The response of daily growth rates, derived from the growing-season simulations, 
and daily mean crown conductance (gc) to Ta and ψsoil are shown in Figure 7.7. 
Daily Ta at the sites along the gradient ranges from ≈0-20 °C for June-July-August 
(Figure 7.7a), while in the valley bottom the wet and dry sites provided a ψsoil 
range from ≈0- -1.2 MPa (Figure 7.7b). These conditions fall into the range where 
offsets between photosynthetic activity and growth would be expected (Figure 
7.7c, d), according to Fatichi et al. (2014). Below 2 °C the probability of modelled 
growth to occur is only 15% (Figure 7.7e), while conductance occurs with a 
probability of 43% (Figure 7.7g). Growth rates increased until 11 °C, after which 
they stabilized and slowly decreased. Increasing Ta was collinear with the increase 
in vapour pressure deficit (see D in Figure S7.8). The probability of growth 
occurring decreased from 66% to 28% between -0.2 and -0.6 MPa, ψsoil, while 
almost no growth occurred after -0.6 MPa (Figure 7.7f). Yet, gc appeared to show 
a less steep decrease with decreasing ψsoil, where sap flow still occurred at -1.2 
MPa (Figure 7.7h). 
7.4 Discussion 
Turgor pressure in the cambium has long been recognized as a key factor for 
determining the initiation and rate of cell enlargement (see Lochhart 1965; Steppe 
et al. 2005). It has thus been shown that modelling turgor can improve current 
growth predictions (see Steppe et al. 2015), which are still often photosynthesis 
driven (i.e., carbon source limited; see Sitch et al. 2008; Fatichi et al. 2014). In 
this study, we applied a mechanistic model that simulates turgor-driven growth in 
mature conifers under natural environmental conditions and compared the 
simulation to independent radial growth observations. Our results reveal the 
importance of turgor for simulating (intra-)annual radial wood growth. The 
simulations also helped to elucidate the effect of environmental factors limiting 
daily growth rates and differences in hydraulic functioning between sites and 
species. 
Species-specific hydraulic functioning 
The mechanistic model revealed species-specific differences in hydraulic 
properties (Steppe & Lemeur 2007), including the hydraulic capacitance of the 
water storage tissue (Cstorage), hydraulic resistance of the xylem (Rx), hydraulic 
resistance of water transport from the storage compartment to the xylem (Rs) and 
the osmotic potential within the storage compartment (Πis). For example, the 
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dynamic regulation of water release from elastic living tissues (ds in Figure 7.1b) 
can reduce xylem tension and hence delay the formation of embolism (Meinzer et 
al. 2008, 2009). Additionally, in-situ simulations of Rx and its behaviour during 
droughts can provide information on species-specific vulnerability to cavitation 
(Steppe & Lemeur 2007; Choat et al. 2012). These hydraulic properties, affected 
by the trees hydraulic architecture (see Sperry & Love 2015), are thus considered 
relevant for determining the tree’s drought tolerance. 
 
Figure 7.7 Growth and crown conductance (gc) responses to air temperature (Ta) and soil water 
potential (ψsoil). (a, b) Frequency of daily mean Ta and ψsoil for contrasted sites regarding 
temperature (S22 vs. N13d) and soil water availability (N13w vs. N13d). (c, d) Response of 
primary growth and photosynthesis to Ta and ψsoil as presented by Fatichi et al. (2014). (e, f) 
Modelled growth rates (in mm d-1) as a function of Ta (compiled in 1 °C bins) and ψsoil (compiled 
in 0.05 MPa bins) for all sites and species. Days where other factors were more limiting were 
excluded. The same procedure was applied for daily mean gc (g, h). Solid lines (e-h) show the 
density contours to better visualize the response. Dotted lines indicate the probability of growth 
and conductance to occur along Ta and ψsoil.   
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The calibrated Cstorage values fell within the range of expected values for 
mature conifers (Table 7.5), where L. decidua showed a 2.3 times higher hydraulic 
capacitance than P. abies. However, when standardizing Cstorage for the storage-
tissue volume, no significant difference was found between species (μ= 0.0221 g 
MPa-1 cm-3; Figure 7.4a), and the values were lower than those found in literature 
(0.107-0.886 g MPa-1 cm-3; Barnard et al. 2011; McCulloh et al. 2014). This 
discrepancy could be explained by the fact that we do not account for the 
capacitance of the xylem to provide water (see Scholz et al. 2007; Köcher et al. 
2013). Moreover, we found stable standardized Cstorage values during the dry 
growing season of 2015, which contrasts with decreasing Cstorage found due to the 
depletions of the water storage reservoir during droughts in Quercus ilex (see 
Salomón et al. 2017). Based on our modelling results, we therefore conclude that 
monitored high elevation conifers do not show strong dynamics in Cstorage under 
occurring drought and that species-specific capacitance differences are most 
likely caused by the larger storage pool of L. decidua (see Table 7.3). 
 The Rx values determined with the 2015 calibrations corresponded to values 
from literature (see Table 7.5). Under wet conditions (N13w), P. abies showed a 
3.3 times higher resistivity compared to L. decidua (Rx standardized for Asap/lstem; 
Figure 7.4b). This difference is in agreement with the xylem-anatomical 
differences where the potential hydraulic conductivity for P. abies is 2.1 times 
lower than for L. decidua, when considering tracheids in the earlywood from 
2012-2013 (according to Nonweiler 1975; earlywood= Mork’s index <1, see 
Denne 1989; see Note S7.4). Monitored drought periods seemed to affect P. abies, 
which showed a significant increase in Rx with decreasing ψsoil (slope= -0.0068, p 
<0.001), indicating a higher risk for cavitation. Although P. abies has a relatively 
smaller lumen area compared to L. decidua to improve cavitation resistance, other 
factors such as its smaller storage tissue, stomatal behaviour and shallow rooting 
system (Anfodillo et al. 1998) potentially make this species more sensitive to 
drought. 
 Both Πis and Rs fell within the range of literature values (Table 7.3; Milne 
& Young 1985; Hunt et al. 1991; Jones 1992), with Πis consistently decreasing in 
both species during the growing season (slope= -0.00544 and -0.00243 MPa-1 d-1 
for P. abies and L. decidua, respectively). This decrease in Πis is in agreement 
with the reduction of sugars found in the cambial zone for L. decidua in the 
Lötschental (Simard et al. 2013). A mechanism explaining this phenomenon 
could be sugar loading, where more photosynthetic products are incorporated into 
woody tissue or starch, or sugars are transported to the roots to increase osmotic 
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potential (Höllta et al. 2006; De Schepper & Steppe 2010; Ryan & Asao 2013). 
Notwithstanding, the fact that all hydraulic parameters were in agreement with 
values found in literature supports the validity of mechanisms described with the 
model. 
Table 7.5 Overview of the species average of hydraulic capacitance of the storage tissue 
(Cstorage) and hydraulic resistance of the stem (Rx) reported in the literature. The average value 
reported per species is provided. 
Cstorage  
[g MPa-1] 
Species DBH 
[cm] 
Source Rx 
[MPa h g-1] 
Species DBH 
[cm] 
Source 
1603.8 Larix decidua 54.8 This study 0.00032 Larix decidua 54.8 This study 
695.1 Picea abies 60.7 This study 0.00061 Picea abies 60.7 This study 
187.1 Pinus sylvestris 11.9-23.2 Zweifel et al. 2006 0.00039 Pinus sylvestris 29.8 Verbeeck et al. 2007b 
1500 Picea sitchensis ≈8.4 Milne & Young 1985 0.00175 Picea sitchensis ≈8.4 Milne & Young 1985 
1440 Pinus densiflora 19.2 
Kobayashi & Tanaka 
2001 
0.00003 Fagus sylvatica 57 
De Schepper & Steppe 
2010 
45442.9 Pinus sylvestris 29.8 Verbeeck et al. 2007b 0.05081 Fagus sylvatica 1.68 Steppe & Lemeur 2007 
0.2123 Fagus sylvatica ≈1.76 Steppe et al. 2005 0.02978 Quercus robur 1.76 Steppe & Lemeur 2007 
0.2123 Fagus sylvatica ≈1.76 Steppe & Lemeur 2007 0.00050 Quercus ilex 11.7 Salomón et al. 2017 
0.9398 Quercus robur ≈1.68 Steppe & Lemeur 2007 0.00382 Malus domestica 2.56 Steppe et al. 2008 
440 Quercus mongolica 19.1 
Kobayashi & Tanaka 
2001 
0.02780 Malus pumila 6.5 Landsberg et al. 1976 
120.9 Quercus pubescens 7.2-9.5 Zweifel et al. 2006     
314.51 Quercus ilex 11.7 Salomón et al. 2017     
2.15 Quercus robur 1.78 Baert et al. 2015     
1.556 Malus domestica 2.56 Steppe et al. 2008     
The importance of turgor in explaining xylem growth 
To the best of our knowledge, our calibrations provide the first validation of 
turgor-driven growth mechanisms as a proxy for annual and intra-annual growth 
patterns. The weekly averaged daily growth rates of the xylem show good 
agreement with the xylogenesis observations, especially for L. decidua (mean R2 
of 0.7 and 0.5 for L. decidua and P. abies, respectively; Table 7.4). The model 
performed best at high elevations (S22 and S19) and under wet growing 
conditions (N13w; Figure 7.6a). The fact that turgor-driven cell enlargement 
processes can explain ring-width patterns is in agreement with xylogenesis 
observations (e.g., Cuny et al. 2014). However, the slight tendency for the model 
to overestimate the ring width (Figure 7.6a) could be explained by conditions of 
previous year (or “legacy effects”), where unfavourable environmental conditions 
reduced the number of cambial cells and affected the cambium division rate 
(Gregory & Wilson 1967). Additionally, the xylem vs. phloem cell production 
(see fgrowth in Table 7.1), which currently is set as a fixed parameter, could change 
during the growing season (see Prislan et al. 2013; Gričar et al. 2016). The lower 
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intra-annual performance observed at lower elevational sites, with drier 
conditions (S16 and N13d; Figure 7.6a) indicates that we are lacking mechanisms 
that potentially maintain turgor pressure during a drought period. The current 
model uses a fixed initial osmotic potential (Πis) and does not allow for changes 
due to dynamics of available sugars in the storage tissue. However, phloem 
osmotic potential has been shown to increase with decreasing soil water potential, 
due to the mobilization of sugars (Paljakka et al. 2017; Schönbeck et al. 2018), 
potentially increasing turgor pressure. Alternatively, dynamic changes in 
hydraulic parameters (e.g., Cstem) during droughts are lacking (e.g., Mencuccini et 
al. 2013; Baert et al. 2015; Salomón et al. 2017). 
A mechanism which could be important to incorporate in the model is the 
variation in osmolality in the phloem (e.g., Lintunen et al. 2016), including the 
dynamic regulation of sugar production (photosynthesis), transport, loading and 
unloading (see Daudet et al. 2005; De Schepper & Steppe 2010). Additionally, at 
the beginning and the end of the growth period, Rs, followed by Rx, increased 
consistently between sites and species (Figure 7.5b; see Figure S7.7). This 
increase in Rs may well be cause by seasonal dynamics in osmolality, where the 
concentration of non-structural carbohydrates in the phloem is lower at the 
beginning and the end of the growing season, reducing the water flow to the 
storage tissue and reducing osmotic pressure (Simard et al. 2013; Martínez-Vilalta 
et al. 2016). Alternatively, hormonal signalling could lead to the observed 
patterns, where changing auxin concentrations alter cell differentiation in the 
cambium at the beginning and the end of the growing season (Drew et al. 2010; 
Steppe et al. 2015; Hartmann et al. 2017), forcing the modelled resistances for 
xylem water and storage water transport (Rx and Rs, respectively) to increase and 
reduce refilling of the storage tissue to increase turgidity. However, although these 
processes were not included, we still found a good relationship between simulated 
turgor-driven growth and ring-width patterns (Figure 7.6b). 
Environmental regulation of turgor-driven growth 
Our model allows for the direct comparison between turgor-driven growth and 
environmental conditions, including air temperature (Ta) and soil water potential 
(ψsoil). The low probability of cell growth occurring below 2° C (15%; see Figure 
7.7e) indicates a temperature threshold which is above the required photosynthetic 
minimum ≈0 °C (Saxe et al. 2001; Körner 2008). However, our value is lower 
than the ≈5° C determined by Körner (2008) and Rossi et al. (2008), which could 
be due to the higher temporal resolution provided with dendrometer 
measurements, or the refilling of the storage tissue after shrinkage in winter 
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(Zweifel & Häsler 2001). We find the latter less likely as most of our simulations 
start at the end of May when refilling of the storage tissue after winter shrinkage 
has been completed, especially for P. abies, which is hydraulically active before 
this time. 
Stomatal conductance (expressed in crown conductance or gc) is tightly 
linked to photosynthetic activity (Damour et al. 2010; Dewar et al. 2018). When 
considering the crown conductance derived from sap flow measurements, we find 
a higher probability for trees to conduct water at temperatures below 2 °C (43%; 
Figure 7.7e). These results suggest that photosynthesis starts at lower temperature 
than growth, as discussed by Fatichi et al. (2014; see Figure 7.7c), although 
independent photosynthetic measurements are so far lacking. Interestingly, 
growth rates appear to decrease above 11 °C, which is in disagreement with the 
apical meristem growth rates that decrease above ≈30 °C (Figure 7.7c). This 11 
°C  threshold can be explained by the high vapour pressure deficit (D) at these 
temperatures that prevents appropriate refilling and subsequently induces lower 
turgidity (see Figure S7.8), which does not occur in controlled experimental 
setups (see Parent et al. 2010). We also find a steeper decrease with ψsoil in daily 
growth rates (Figure 7.7f) than crown conductance (Figure 7.7h), confirming the 
hypothesis stated by Fatichi et al. (2014; Figure 7.7d). Yet, the low probability of 
growth between -0.2 and -0.6 MPa (28%) and almost no growth occurring below 
-0.6 MPa (5%; see Figure 7.7f) suggest that other factors, like increased D during 
periods of drought, might have decreased the stem water potential and caused a 
stronger inhibition of growth than what we would expect from decreasing ψsoil 
alone (see Muller et al. 2011). 
Model limitations and implications 
Although our model appears to provide appropriate growth patterns when using 
only ψsoil, sap flow and dendrometer measurements (not requiring continuous ψleaf 
measurements), the lack of internal carbon dynamics enforces the use of a 7-day 
moving-window calibration approach. Although this limits the application of this 
model family for predictive purposes (often applied on periods ranging from 1-30 
days; Steppe et al. 2005; Salomón et al. 2017), it does provide insight into the 
dynamic behaviour of the calibrated parameters (e.g., Cstorage, Rx, Rs or Πis). 
Additionally, the measurements could be repeated at sites with continuously 
monitored photosynthetic activity (i.e., obtained from flux tower measurements; 
Chu et al. 2017) to integrate water and carbon transport processes on a seasonal 
basis (e.g., De Schepper & Steppe 2010; Mencuccini et al. 2015). Moreover, to 
provide predictions on the future fate of carbon stored within woody biomass 
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(Cuny et al. 2015), cell wall thickening and other process-based models that 
define the wood anatomical structures (e.g., Vaganov et al. 2006; Drew et al. 
2010; Hartmann et al. 2017) could be incorporated. 
The 2 °C threshold and increased growth rate until 11 °C, found with the 
model, can provide a mechanistic explanation of why ring-width analysis of high-
elevation conifers always find positive correlation with June-August temperatures 
(Peters et al. 2017), as this period shows a strong overlap with these Ta ranges 
(Figure 7.7a). Additionally, the positive correlations between ring width and June-
August precipitation (affecting ψsoil; Figure 7.7b) at lower elevations (Peters et al. 
2017) correspond to conditions where turgor-driven growth is limited by low ψsoil 
conditions (where it is highly unlikely for growth to occur after -0.6 MPa). As 
turgidity drives cell enlargement, which heavily dictates the ring width, this 
process should be considered in global growth models predicting future forest 
productivity (see Hayat et al. 2017). With the increase in the collection of data 
required for driving the mechanistic model presented in this study (e.g., sap flow 
data, Poyatos et al. 2016; flux tower measurements, Chu et al. 2017; tree rings 
measurements, Babst et al. 2017), its application on larger scales should become 
feasible. Isolating the key mechanisms and conditions under which environmental 
conditions are limiting should aid in further unravelling the source- vs. sink-
limited growth debate and promote the paradigm shift in tree growth mechanisms 
(Körner 2015; White et al. 2016). 
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Supporting information Chapter 7 
Table S7.1 Overview of sites sampled for phloem thickness allometric relationships 
(presented in Figure S7.1). 
Country Site Site code 
(#) 
Longitude Latitude Elevation 
(m a.s.l.) 
P. abies 
(n) 
L. decidua 
(n) 
Switzerland Lötschental  N13d (1) 7.7613 46.3918 1300 11 11 
N13w (2) 7.7639 46.3934 1300 7 7 
S16 (3) 7.7554 46.3972 1600 14 17 
S19 (4) 7.7459 46.4000 1900 12 16 
S22 (5) 7.7426 46.3996 2200 8 18 
Davos D17 (6) 9.8823 46.7735 1750 37 0 
D18 (7) 9.8857 46.7732 1840 40 0 
D20 (8) 9.8902 46.7737 2050 7 28 
Sils Schadenherd SIS (9) 9.7326 46.4282 1870 0 31 
Italy San Vito di Cadore SVC (10) 12.2142  46.4514 1000 4 5 
Slovenia Kranjska Gora KGO (11) 13.7266 46.4454 1800 0 10 
      Total (n) 140 143 
 
Table S7.1 Species-specific relationship between diameter at breast height (DBH) and phloem 
thickness. Significant positive linear relationships were found using mixed-effect models which 
included the site as a random factor. Data originates from 11 sites across the Alps, with a total 
of 140 individuals for Picea abies and 143 individuals for Larix decidua. Shaded areas presents 
the Bayesian credible interval of the fitted function (see Gelman & Hill 2007). For the metadata 
on sampled sites and statistics, see Table S7.1 and S7.2. 
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Table S7.2 Summary statistics of linear mixed-effect model applied on diameter at breast height 
(DBH) versus phloem thickness (presented in Figure S7.1). The applied model structure: 
Phloem thickness ~ Species * DBH + (DBH | Site), where fixed independent factors included 
DBH and species, where site is included as a random factor with a variable slope (dependent 
on DBH) and intercept. * indicates significant variables (p <0.05). 
Variable Coefficients Standard 
error 
Degrees of 
freedom 
p-value Conditional 
R2 
N 
Intercept 0.25769 0.03448 17.63606 7.25E-07* 0.376 183 
Species (Picea): intercept 0.09480 0.03579 193.28590 8.75E-03* 
DBH 0.00339 0.00074 12.34882 5.87E-04* 
Species (Picea): DBH -0.00025 0.00081 189.22442 7.62E-01 
 
Figure S7.2 Species-specific 
relationship between branch 
and stem water potential. No 
species-specific difference was 
found (see Table S7.3) 
between Picea abies and Larix 
decidua, thus one linear 
relationship is presented with a 
slope of 0.708 MPa-1. 
 
 
 
 
 
Table S7.3 Summary statistics of linear mixed-effect model applied on stem water potential 
versus leaf water potential. The applied model structure: Stem water potential ~ Leaf water 
potential * Species + (Leaf water potential | Site), where fixed independent factors included leaf 
water potential and species, while site is included as a random factor with a variable slope 
(dependent on leaf water potential) and intercept. * indicates significant variables (p <0.05). 
No significant species-specific difference was found, therefore both species were compiled and 
a slope of 0.708 was calculated. 
Variable Coefficients Standard 
error 
Degrees of 
freedom 
p-value Conditional 
R2 
N 
Intercept 0.17694 0.11977 77.34 0.144 0.574 89 
Species (Picea): intercept 0.29185 0.23780 82.69 0.223 
Leaf water potential 0.58675 0.07192 37.52 7.78E-10* 
Species (Picea): Leaf water potential -0.13294 0.14766 84.49 0.371 
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Figure S7.3 The xylem growth faction for 
three species obtained from literature. The 
xylem growth fraction was defined as the 
fraction of annual increment of xylem 
against the combined annual increment of 
the xylem and phloem. The mean and 
standard deviation for both the annual 
xylem and phloem size (in μm) were 
obtained from Gričar et al. (2016) and 
Prislan et al. (2013) and used within a 
bootstrap resampling (1000 times) to 
obtain histograms on the xylem growth 
fraction (where the mode is highlighted 
with a bold line). 
 
 
 
 
Figure S7.4 Comparison between pre-dawn leaf water potential collected during the diurnal 
campaigns (ψleaf; for Picea abies and Larix decidua) and soil water potential (ψsoil; indicated 
with black lines) for S22, N13w and N13d. The standard deviation of all ψleaf (0.2 MPa) is 
imposed on ψsoil to present the uncertainty range. Daily mean air temperature is present for all 
sites (in red). As ψsoil at N13d lies below ψleaf during a drought period in 2015, ψsoil is corrected 
by 0.25 (ksoil; indicated with the dashed blue line) to make the ψleaf fall within the uncertainty 
range. The other sites appeared to show little variation in ψsoil and consistency with ψleaf, 
therefore a ksoil of 1 was applied (adopting the simple assumption that ψroot= ψsoil; see Verbeeck 
et al. 2007b). 
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Figure S7.5 Example of a sensitivity analysis for Picea abies at N13w (N13WAd_S2) during 
a non-growth (a) and growth (b) period. The sensitivity index (SI) is provided for multiple 
parameters when considering dendrometer derived diameter variations (Dstem; left axis) and leaf 
water potential (ψleaf; right axis) as the target variable. See Table 7.1 for the description of the 
parameters. 
 
Figure S7.6 Daily growth rates for all sites and species for which xylogenesis observations 
have been performed in 2012 and 2013. The coloured lines show the daily xylem growth rates 
for each individual monitored. The bold black lines indicates the mean (μ) per site and species, 
while the dashed lines indicates the standard deviation (σ). 
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Figure S7.7 Raw outputs of calibrated Rx and Rs from the growing season calibrations for each 
site and species. A 7-day moving window, which progressively shifts by 3 days, provided Rx 
and Rs values every 3 days for each individual. These values were aggregated to weekly 
averages and the mean of those values per site and species are presented. 
 
 
Figure S7.8 (a) Simulated growth rates against vapour pressure deficit (D) for both Picea abies 
and Larix decidua from all the sites in the Lötschental. (b) Relationship between D and air 
temperature (Ta) for all sites. For visual purposes density contours are provided. 
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Note S7.1 Mathematical equations and components of the growth model. 
Water transport model 
1. Soil water potential 
ψroots = ksoil * ψsoil 
2. Osmotic water potential of the stem storage compartment 
ψstorage = ψPs - ΠPs 
3. Vertical water transport between the soil and the stem 
Fstem = ( ψsoil - ψstem ) / Rx 
4. Radial water exchange between the xylem and the stem storage compartment 
fstem = ( ψstem - ψstorage ) / Rs 
Stem diameter model 
1. Diameters are calculated from the changed volumes 
Dxstem = √ ( Rhw * 2 * Rhw * 2 + 4 * Vxstem / ( π * lstem ) )  
Dstem = √ ( Dxstem * Dxstem + 4 * Vsstem / ( π * lstem ) ) 
2. Diameter growth by the xylem only  
Dxgrowth = √ ( Rhw * 2 * Rhw * 2 + 4 * ( π * lstem * ( ( ( (  Distem - 2 * ( ds ) ) / 2 ) *  
                   ( ( Distem – 2 * ( ds ) ) / 2 ) ) – (Rhw * Rhw ) ) + Vxgrowth ) / ( π * lstem ) ) 
3. Change in water content 
dWsstem / dt = fstem 
dWxstem / dt = Fstem - Fcrown - fstem 
4. Change in xylem pressure potential due to change in dimension 
dψstem / dt = Ԑx / Wxstem *  ( dWxstem / dt ) 
5. Leaf water potential calculation 
ψleaf = ψstem / kleaf 
6. Elastic modulus 
Ԑs = Ԑ0 * ψPs * Dstem 
7. Change in storage pressure potential  
if ( (ψPs > Γ ) ){ 
Turgor pressure changes due to elastic changes and growth 
dψPs / dt = Ԑs / Wsstem * (dWsstem / dt ) - Ԑs * π * (ψPs – Γ )  
Changes in total water potential of the stem storage compartment via capacitance C 
dVsgrowth / dt = ϕ * ( ψPs – Γ ) * Wsstem / ρw  
dΠPs / dt = 0  
}else{ 
Pressure changes due to elastic changes only 
dψPs / dt = Ԑs / Wsstem * ( dWsstem / dt )  
dVsgrowth / dt = 0 
dΠPs / dt = ( dψPs / dt ) - Wsstem / Cstorage } 
8. Volume changes and growth component 
dVsstem / dt = ( dWsstem / dt ) / ρw - fgrowth * ( dVsgrowth / dt )  
dVxstem / dt = ( dWxstem / dt ) / ρw + fgrowth * ( dVsgrowth / dt ) 
dVxgrowth / dt = fgrowth * ( dVsgrowth / dt ) 
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Constant 
ρw, desnity of water [g m-3] 
Parameters 
Distem, initial stem diameter (including xylem and phloem) [m] 
lstem, length of the stem segment to the crown [m]  
ds, thickness of the stem storage tissue (bark, excluding non-living bark) [m] 
Rhw, radius of the heartwood [m] 
Cstorage, stem capacitance [g MPa-1] 
Rx, flow resistance in the xylem compartment [MPa h g-1] 
Rs, exchange resistance between the stem and storage tissue [MPa h g-1] 
fwater, water fraction in the stem compartment [-] 
Ԑ0, proportionality constant [m-1] 
Ԑx, elastic modulus of the xylem [MPa] 
ϕ, extensibility of cell walls in relation to non-reversible dimensional changes [MPa-1 h-1] 
Γ, critical pressure which must be exceeded to produce growth [MPa] 
fgrowth, fraction of growth contributing to xylem formation [-] 
kleaf, the fraction of leaf versus stem water potential [-] 
ksoil, the fraction between ψsoil and ψroots [-] 
Data variables 
Fcrown, water flow from the stem xylem towards the crown compartment (sap flow) [g h-1] 
ψsoil, soil water potential (measurements) [MPa] 
Dstem, over bark diameter (dendrometer) [m] 
Algebraic variables 
fstem, water exchange between the xylem and the storage compartment [g h-1] 
Fstem, water flow from the roots towards the stem xylem compartment [g h-1] 
Dxstem, xylem diameter of the stem segment [m] 
Dstem, outer diameter of the stem [m] 
Ԑs, bulk elastic modulus of living tissue in relation to reversible dimensional changes [MPa] 
ψsoil, soil water potential [MPa] 
ψstorage, water potential in the storage compartment [MPa] 
ψleaf, leaf water potential [MPa] 
Dxgrowth, irreversible growth of the xylem tissue [m] 
Derived variables 
Wxstem, water content in the stem xylem compartment [g] 
Wsstem, water content in the stem storage compartment [g] 
ψstem, pressure component of the xylem water potential [MPa] 
ψPs, pressure component of the water potential in the storage compartment [MPa] 
Vxstem, volume of the xylem stem tissue [m3] 
Vsstem, volume of the stem storage compartment [m3] 
Vsgrowth, growth volume for the entire stem [m3] 
ΠPs, osmotic component of the water potential in the storage compartment [MPa] 
Vxgrowth, growth volume for the xylem [m3] 
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Note S7.2 Model calibration and sensitivity and identifiability analysis. 
All simulations were conducted with a fourth-order fixed step size integrator (step size = 1 
second). Two different types of model calibrations were used for different subsets of trees. First 
calibrations were performed for the measurements in 2015 for 7-day periods where ψleaf was 
measured (at N13d, N13w and S22). Second, a moving-window calibration was applied on 4 
growing seasons for all trees with less calibration parameters. The 2015 calibrations were 
performed to analyse site-specific differences and temporal variability of hydraulic parameters, 
using the simplex method (accuracy of 1*10-5 and 1*106 maximum evaluations) to minimize 
the weighted sum of squared errors (SSE) for Dstem and ψleaf (with an objective weight of 1*10-
5 m and 0.2 MPa respectively; see De Pauw et al. 2008). All calibration used a starting time of 
07:00 CET to ensure that the storage tissue was fully refilled (using initial parameter values 
presented in Table 7.1). Sensitivity and identifiability analyses were performed to check what 
subset of model parameters was both sensitive enough and not collinear (as described by De 
Pauw et al. 2008). For the successful calibrations, Rx, Cstorage, Πis and Rs were calibrated within 
a specified range (provided in Table 7.1), while non-calibrated model parameters were directly 
measured or assigned from literature (see Table 7.1 for detailed parameter selection). 
The calibrated parameter values were analysed for absolute values and temporal patterns 
between species and sites. For inter-tree comparison we standardized Cstorage for the volume of 
the storage tissue, while Rx was recalculated to present the resistivity (using Asap and lstem; see 
Table 7.2). Additionally, an analysis was performed to test the effect of fixing either Cstorage or 
Rx, as these show strong collinearity when no ψleaf measurements are available for calibration. 
For the diurnal campaign in 2014 the final predicted error (FPE; see Steppe et al. 2005) was 
calculated for the resulting fit with Dstem: 
𝐹𝑃𝐸 =  
𝑆𝑆𝐸
𝑁
+
2𝑝𝑆𝑆𝐸
(𝑁 − 𝑝)𝑁
 
(Eq. 1) 
where N is the number of measurements and p is the number of estimated parameters. 
Normalized final prediction error (FPE) of four tested models with fixed (fix.) or calibrated 
(cal.) Rx and/or Cstorage was used to compare model performance, while penalizes for over-
parametrized models. The values were normalized to the FPE where both parameter were 
calibrated. Additionally, the simulated ψleaf was compared to actually measurements, 
calculating SSE. 
The growing-season calibrations were run from 2012 till 2015 with fixed Cstorage 
(dependent on storage tissue volume) and Πis (≈1.3 MPa). The calibrations (of Rx and Rs) were 
performed with a 7-day moving window approach from May till August. The moving window 
shifts forward while providing a three day overlap with the previous calibration (to prevent 
spurious end-effects of the simulated parameters), using both initial conditions and parameters 
(of Rs and Rx) from the previous calibration. 
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Note S7.3 Model performance when fixing of Cstorage or Rx. 
As leaf water potential (ψleaf) measurements are not available for all years, the effect of fixing 
standardized Cstorage or Rx was tested on the FPE with Dstem and SSE with ψleaf (Figure 7.3.1a, 
b). When calibrating both parameters, a FPE of 7.01*10-10±4.24*10-10 and SSE of 3.80±2.76 
were found across sites and species. After normalization, the FPE showed consistent lower 
values when fixing Cstorage (L. decidua= 0.0152 g MPa-1 cm-3 * Vstorage; P. abies 0.0263 g MPa-
1 cm-3 * Vstorage) compared to fixing Rx (L. decidua= 0.0001 MPa h g-1 cm-1 * Asap/lstem; P. 
abiesN13d= 0.0014 MPa h g-1 cm-1 * Asap/lstem; P. abiesN13w= 0.0003 MPa h g-1 cm-1 * Asap/lstem), 
or both parameters (Figure 7.3.1a). Calibrations without using ψleaf, showed that normalized 
SSE was lowest when solely fixing the volume standardized Cstorage. These results support the 
choice to fix Cstorage values for the growing-season calibrations. 
 
Figure S7.3.1 Boxplots of differences in model performance when fixing parameters. (a) 
Comparison of model performance for the period from 18-24 August 2014 between four tested 
models with fixed (fix.) or calibrated (cal.) Rx and/or Cstorage. Normalized final prediction error 
(FPE) was determined with diameter variation observation from the dendrometer (Dstem) and 
penalized for over-parametrized models. (b) Weighted sum of squared errors (SSE) between 
simulated and measured leaf water potential (ψleaf) after calibrating the model to solely Dstem for 
the period from the 18-24 August 2014. SSE was normalized for the models where Rx and 
Cstorage were calibrated and presented. 
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Note S7.4 Description of anatomical measurements. 
The potential hydraulic conductivity is determined for each tracheid in the earlywood (Mork’s 
index <1). The average for all measurement taken in 2012 and 2013 was used to calculate the 
conductivity difference between the species. 
1. The hydraulic conductivity of a tracheid 
Kh = ( ρw * Ca * m ) / ( ν * k ) 
2. Hydraulic radius of the selected tracheid 
m = ( π * α * β ) / ( 2 * π * √ ( 0.5 * ( α2 + β2 ) ) ) 
3. Properties of the tracheid 
α = √ ( Ca * Ac / π ) 
β = α / Ac 
k = 4 / ( 1 + √ (1 - ε4 ) )  
ε = √ ( α2 - β2 ) / α 
Algebraic variables 
Kh, potential hydraulic conductivity [kg MPa-1 s-1] 
α, largest radius [μm] 
β, smallest radius [μm] 
m, mean hydraulic radius [μm] 
k, coefficient depending on the geometry of the cell [-] 
ε, eccentricity of the ellipse [-] 
Constant 
ρw, density of water [kg m-3] (998.2 kg m-3 at 20 °C) 
ν, viscosity of water [Pa s] (0.001002 Pa s at 20 °C) 
Data variables 
Ca, cell size [μm2] 
Ac, aspect of the cell as the ratio between major and minor axis of an ellipse equivalent to the 
tracheid [-] 
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Conifers show a biogeographical distribution across a wide range of contrasting 
environmental conditions, stretching from the Arctic Circle to the equator and 
Southern Hemisphere (Farjon & Filer 2014). The extent of the conifer distribution 
is highlighted within mountainous ecosystems, where they can dominate at high 
elevations where temperatures severely limit tree growth and survival (Bannister 
& Neuner 2001; Körner 2012). Conifers growing at sites with temperature 
limiting conditions are highly sensitive to ongoing climatic change, where warmer 
and drier conditions will impact their growth, the duration of the vegetative season 
and subsequently their distribution (Beniston 2003; Soja et al. 2007; Thuiller et 
al. 2008; Steltzer & Post 2009). Developing an in-depth understanding on how 
high-elevation conifers respond to these changes in climate is critical, as they play 
a role in regulating terrestrial carbon storage (i.e., facilitated by the formation of 
woody tissue) and water balance within the ecosystem (i.e., by releasing water to 
the atmosphere via transpiration; Bonan et al. 2008). 
 An interesting property of mountainous ecosystems is the steep contrast in 
thermal growing conditions, where trees at the treeline are exposed to mean 
growing season temperatures as low as 5.5 to 7.5 °C (Körner & Paulsen 2004). 
Decreasing growing season temperatures with increasing elevation provide a 
unique experimental setup to analyse the tree physiological responses (i.e., wood 
formation and transpiration dynamics) to warmer climatic conditions (Körner et 
al. 2007). This is particularly relevant when trying to understand how a warmer 
climate affects wood formation and the ability of conifer species to acclimate their 
water use accordingly (e.g., Cuny et al. 2015; Grossiord et al. 2017). A more 
critical question is which process is limiting and therefore regulating growth 
dynamics, as models focussing on the production of sugars (via photosynthesis) 
as the key driver of growth do not appear to produce appropriate predictions of 
current forest productivity (see Fatichi et al. 2014). Combining physiological 
measurements from an elevational gradient and assessing post-photosynthetic 
growth mechanisms, such as internal tree hydraulics, is thus crucial to better 
understand wood formation dynamics (Fonti & Jansen 2012; Steppe et al. 2015). 
 In this thesis I aimed at developing a better mechanistic understanding of 
how climate affects wood formation dynamics and subsequently shapes tree rings 
of high-elevation conifers. We studied the growth and transpiration dynamics of 
Larix decidua Mill. and Picea abies (L.) Karst. in the Lötschental (Switzerland) 
in the context of increasing temperature and water scarcity, and combined these 
processes in a mechanistic growth model. In CHAPTER 2 of this thesis, we 
assessed more than 150 years of inter-annual growth dynamics (derived from tree 
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rings) along an elevational gradient in relation to temperature, precipitation and 
insect activity and showed their impact on forest biomass accumulation. In 
CHAPTER 3 we developed an algorithm to spatially orient the water conducting 
cells in conifer wood (tracheids within the xylem) and process large quantities of 
wood anatomical measurements. In CHAPTER 4 we used cellular-based 
monitoring of wood formation across an 8 °C thermal gradient to investigate intra-
annual dynamics in both xylem cell enlargement dynamics and cell wall 
thickening in relation to environmental conditions. This analysis included over 7 
years of wood anatomical measurements collected from two elevational transects, 
including the Lötschental and the Vosges Mountains (France). In CHAPTER 5 
we quantified the uncertainties generated by commonly applied data processing 
for sap flow measurement collected from conifers with thermal dissipation probes. 
The study included a detailed analysis on four years of sap flow measurements 
collected in the Lötschental, after which the uncertainty was projected on sap flow 
data collected across the Northern Hemisphere. CHAPTER 6 addressed the 
transpiration plasticity of L. decidua and P. abies in the Lötschental across 
elevations. Transpiration dynamics were addressed by calculating stomatal 
conductance derived from sap flow measurements. Finally, CHAPTER 7 
demonstrated the ability of mechanistic whole-tree models, using turgor-driven 
growth dynamics, to explain inter- and intra-annual growth dynamics in high-
elevation conifers. 
In this chapter I discuss the main findings described in this thesis and their 
consequences. Finally, I provide an outlook for future research on tree hydraulics, 
wood formation and the integration of these fields. 
 
8.1 Tree growth at high elevations: from biomass to 
anatomy 
Analysing how climate affects tree growth at high elevations requires 
measurements on annual and intra-annual growth, frequently obtained from tree 
rings and xylem formation observations, respectively. Tree-ring width is a widely 
used measure to understand the effects of climate on annual tree growth (Babst et 
al. 2017). As such, tree rings have been used to provide annually resolved climate 
reconstructions over several thousands of years (e.g., Reinig et al. 2018). On a 
Northern Hemisphere scale, tree rings from different conifer genera have been 
collected, where Pinus, Picea, Pseudotsuga, Abies and Larix dominate the records 
(Figure 8.1a). The large quantity of conifer tree-ring chronologies that have been 
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established for high elevations (i.e., close to the treeline) and latitudes illustrates 
the great effort in attempting to understand temperature-limited growth patterns 
(Figure 8.1b). Studies on high-elevation forests in Europe have shown an increase 
in tree growth in the recent decades (e.g., Rolland et al. 1998; Büntgen et al. 
2008). As tree-ring width variability at these locations is driven by growing season 
temperatures (Büntgen et al. 2007; Babst et al. 2013), the increase has been 
attributed to more favourable growing conditions due to the recent warming. In 
CHAPTER 2 we also found that L. decidua and P. abies showed an increased 
growth at higher elevations in recent decades. Considering the inter-annual 
variability in ring width, greater ring widths were observed for years with warmer 
mean summer temperatures, especially at the upper elevation sites (1900 and 2200 
m a.s.l.). Yet, at lower elevation (1300 m a.s.l.) both species showed a negative 
relationship with summer temperature, where P. abies’ ring width appeared to 
respond positively to previous year and current year summer precipitation. These 
results confirm that conifers at higher elevations will most likely benefit from 
increasing temperature, while at lower elevations drought stress might become an 
issue for productivity, especially for P. abies (see Frank & Esper 2005; King et 
al. 2013b). The increased growth at higher elevations could have implications for 
the distribution of the species as higher forest productivity could allow the species 
to migrate to higher elevations (e.g., Meier et al. 2012), although this also depends 
on other factors, including the increased survival probability of juvenile trees (see 
Körner 2012). 
Tree-ring series have been mainly used for studying climate-growth 
relationships, although this growth proxy has greater potential if the 
measurements are complemented with metadata and other global data products, 
including biometric properties of the trees or satellite derived net primary 
productivity (Babst et al. 2014c; Babst et al. 2017). For example, tree rings show 
great potential in reconstructing aboveground biomass over large time scales, 
which could be of great value in understanding the temporal variability of the 
forest carbon pool (Babst et al. 2014b; Klesse et al. 2016). To obtain appropriate 
forest biomass estimates, one needs information on tree size and height and an 
appropriate sampling design (Nehrbass-Ahles et al. 2014). Within the Lötschental 
the biomass reconstruction with tree rings confirms that aboveground biomass 
increment has increased in the last decades, especially at higher elevations (see 
Figure 2.2 in CHAPTER 2). Although warmer growing season temperatures play 
a role, the growth increase was more apparent for L. decidua, which was 
frequently defoliated by larch budmoth outbreaks (Zeiraphera diniana Guénée; 
General discussion 
 
193 
 
see Esper et al. 2007) in the past. Our analysis revealed that the recent outbreak 
absence, possibly induced by climate change (Johnson et al. 2010), is a crucial 
factor in explaining the recent biomass trends, next to climate. These results 
showed that besides the appropriate use of statistical methods to disentangle long-
term growth trends from biological trends related to the size/age of the individuals 
(Peters et al. 2015), biotic drivers such as insect outbreak activity and their 
interaction with climate should be included when assessing future productivity 
and carbon sink capacity of forests. This is especially relevant, as many 
phytophagous insects show increased activity associated with shifts in distribution 
range (Battisti 2008), improved breeding and growing conditions (Pasztor et al. 
2014) and increased frequencies and magnitude of outbreaks (Creeden et al. 
2014). 
 
Figure 8.1 Overview of conifer tree-ring chronologies established for the Northern 
Hemisphere. (a) Number of chronologies per conifer genera. (b) Distribution of sampling 
locations across elevation and latitude (grey dots). The density contours of the chronology 
distribution is provided, where darker colours show areas with larger sample sizes. The 
maximum elevation of the terrestrial surface across latitudes is provide (blue area), in addition 
to the position of the treeline across latitudes where temperature would support tree growth 
(≥100 days with air temperature ≥6.5 °C; green lines). The Lötschental sampling sites presented 
in CHAPTER 2 are included (yellow dots). The data on the chronologies is obtained from Babst 
et al. (2017), while the terrestrial surface and modelled treeline was derived from Körner 
(2012). 
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The annual growth variability, as derived from tree rings, represents the 
integrated signal of the complete growing season, often not considering the intra-
annual building block within the tree ring, i.e., the xylem cells. However, 
knowledge on the wood formation at seasonal and finer timescales is needed to 
bridge the gap between tree physiological responses and tree-ring width (Fonti & 
Jansen 2012). Recording xylem formation (or xylogenesis), using (bi-)weekly 
wood anatomical observations to quantify dividing cambial cells and xylem cells 
in the enlargement and cell wall thickening phase, has been crucial for bridging 
this gap (Cuny et al. 2014; Rathgeber et al. 2016). Multiple studies have focussed 
on timing the beginning, end, and duration of cambial activity and the wood 
formation season in relation to the environment (Rossi et al. 2008; Deslauriers et 
al. 2008). Strong plasticity of these properties was found in response to 
temperature, where the growing season is shorter in colder environments due to a 
later start and earlier ending of wood formation. Yet, recent developments show 
that high-resolution enlargement and cell wall thickening dynamics (i.e., rate and 
duration) can be obtained by combining xylogenesis observation with wood 
anatomical measurements (see CHAPTER 3 about the processing of large 
quantities of wood anatomical measurements and CHAPTER 4 about the 
combination of these measurements with xylogenesis observations). Such 
observations have provided valuable insights into the delay between the 
enlargement of xylem cells and the deposition of cell wall materials (Cuny et al. 
2015). In the Lötschental, such analysis revealed that although initial cell division 
starts later at high elevations, trees growing at higher elevation sites initiate 
cambial activity at colder temperatures than those growing at lower elevations 
(see Figure 4.2 in CHAPTER 4). 
This acclimation to initial growth conditions could be a key mechanism to 
extend the trees’ growing season, although the underlying mechanism driving the 
acclimation remains unclear. Additionally, the rate of cell enlargement and wall 
thickening decreases towards colder sites while the duration increases (see Figure 
4.3 in CHAPTER 4). The increased duration most likely compensates for the 
lower enlargement rate and results in a similar anatomical structure, which is 
crucial for maintaining large xylem cells which can transport water efficiently 
(see Figure 4.6 in CHAPTER 4; e.g., Sutera & Skalak 1993). Although labour 
intensive, these measurements are essential for understanding ring width and 
wood structure, and provide valuable validation for growth modelling purposes 
(as done in CHAPTER 7). 
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8.2 Tree water use under warmer conditions:  
what can sap flow tell us? 
The production of carbohydrates and generation of turgidity within the cambium 
to initiate growth are tightly linked to the way a tree regulates the flow of water 
through the soil-plant-atmosphere continuum. Tree hydraulic functioning has 
received great attention in literature, where environmental responses of multiple 
components within the tree’s hydraulic architecture have been analysed. Woody 
plants show a large variety of xylem anatomical structures, which aid in the 
effective transportation of water to the crown under different environmental 
conditions (Anderegg & Meinzer 2015). Special attention has been given to the 
efficiency at which the xylem architecture aids in preventing cavitations within 
xylem conduits, which hamper the transport of water to the crown (Meinzer et al. 
2009; Bouche et al. 2014). Additionally, trees are able to use water from different 
compartments, such as bark tissue (Zweifel et al. 2001), to provide additional 
water when the atmospheric demand for water is high (i.e., during drought 
events). Multiple studies have thus focussed on the dynamics of the storage water 
capacity, which can provide information on species-specific strategies to optimize 
hydraulic performance under varying climatic conditions (e.g., King et al. 2013a; 
Matheny et al. 2015; Dietrich et al. 2018). Moreover, the regulation of stomatal 
conductance (gs) under different environmental conditions is a key mechanism for 
plants to optimize the exchange of water to the atmosphere with the fixation of 
carbon for photosynthesis (Nobel 2009). Interestingly, sap flow measurements 
can be used to derive gs (Ewers & Oren 2000) and analyse the stomatal behaviour 
against vapour pressure deficit (D), air temperature (Ta), solar irradiance (Rg) and 
soil water potential (ψsoil) in order to define the hydraulic operational space. Yet, 
this application requires appropriate data processing of raw sap flow 
measurements to reduce uncertainties. 
The development of heat-based sap flow methods applied at the tree-stem 
level provides valuable information on whole-tree water use across a wide range 
of spatiotemporal scales (Poyatos et al. 2016). The thermal dissipation method 
(TDM) is, and most likely will continue to be, a widely applied sap flow 
measurement method (Granier 1985), which estimates the sap flux density (Fd) in 
the water-conducting xylem on sub-hourly timescales. To calculate Fd from the 
temperature difference between a heated and reference probes inserted into the 
stem (expressed as ∆T), a large variety of different data-processing techniques 
have been proposed (see Figure 5.1 in CHAPTER 5). Three important steps in 
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data processing include: defining conditions with zero flow (to determine the 
relative temperature difference expressed in K; Rabbel et al. 2016), dealing with 
signal dampening over time (Wiedemann et al. 2016) and selecting the 
appropriate calibration curve (the relationship between K and Fd; Steppe et al. 
2010). Yet, a systematic quantification on the impact of the different combinations 
of data processing on TDM sap flow data is lacking. 
For TDM measurements collected from conifers across the Northern 
Hemisphere (18 sites; including the Lötschental), the large variety of available 
calibration curves creates a large uncertainty in Fd calculations, which is amplified 
by different zero-flow condition calculations (see Figure 5.7 in CHAPTER 5). 
Additionally, the determination of zero-flow conditions and the absence of a 
dampening correction affects the inter-daily variability, which is often of interest 
when analysing the climate-water use relationship and inter-specific sap flow 
responses (e.g., Poyatos et al. 2005; Brinkmann et al. 2016). Although CHAPTER 
5 proposes a novel empirical approach to deal with signal dampening, which is 
likely caused by wound reactions (Marañón-Jiménez et al. 2017), there is a clear 
need for a better mechanistic understanding of wound reactions (see Wiedemann 
et al. 2016). Additionally, the large variation in calibration curves (see Figure 5.4 
in CHAPTER 5) highlights our poor understanding of how wood properties affect 
the heat dissipation. However, I anticipate a strong relationship between wood 
density and steepness of the calibration curve, which could partially explain this 
large deviation (e.g., smaller or wider rings that have specific anatomical features; 
see Figure 8.2). Additionally, we should investigate whether cut-segment 
calibration experiments can mimic sap flow conditions occurring in situ, using 
either gravitational force or suction (e.g., Steppe et al. 2010 and Fuchs et al. 2017, 
respectively). Finally, I would like to stress the need for a more systematic 
assessment of these data-processing uncertainties (as presented in CHAPTER 5) 
to improve the conclusions drawn from TDM measurements. 
At high elevations, stomatal regulation is important as transpiration has to 
be optimised for minimal winter water losses and maximum photosynthetic yield 
during the short vegetative season (see Mayr 2007). More specifically, due to low 
temperatures and reduced partial pressure of CO2 at higher elevations (Körner 
2012), a strategy to optimize carbon assimilation could include allowing higher gs 
at low temperatures, despite thermal conditions being less favourable for 
photosynthetic activity (Wieser 2007; Damour et al. 2010). In addition, due to 
low water stress conditions (Körner 2012), high elevation conifers could faciliate 
incomplete stomatal closure during the night to allow a faster supply of water for 
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photosynthesis at sunrise (e.g., Daley & Phillips 2006). Yet, previous studies 
reveal species-specific differences in conductance response strategies to face 
droughts (e.g., Oren et al. 1999b; Day 2000; Roman et al. 2015) or low 
temperatures (e.g., Anfodillo et al. 1998; Mayr 2007). Furthermore, observations 
of drought responses indicate that individuals of the same species might be able 
to adjust their stomatal response to persistent drier conditions (e.g., Grossiord et 
al. 2017), raising the question whether different conifers species show similar 
plasticity in their gs response to temperature-limiting growth conditions at the 
treeline. 
 
Figure 8.2 Hypothesis on the effect of wood properties on the TDM calibration curve. (a) 
Graphical representation of a cut-segment calibration experiment (as done in CHAPTER 5). 
Thermal dissipation probes are installed on the stem segment, measuring the temperature 
difference between a heated and a reference probe (∆T recalculated to K; see Steppe et al. 2010). 
During the experiment different velocities of artificial flow are generated, either gravimetrically 
or with suction (see Fuchs et al. 2017). (b) The artificial flow velocities (as presented in a) are 
plotted against K to derive the calibration curve. We hypothesize that when the wood is denser 
at the location of probe installation (narrower rings or smaller lumen area), the calibration curve 
will show lower heat conductance (or K) with increasing artificial sap flux density (or Fd). 
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 In CHAPTER 6, we compared the conductance response (derived from sap 
flow measurements using a species-specific calibration curve) of deciduous L. 
decidua and evergreen P. abies which show a pioneer and climax life strategy, 
respectively. L. decidua clearly showed a higher conductance than P. abies, likely 
due to the fact that this species has to deal with a shorter growing season caused 
by its deciduous life strategy (see Figure 6.3 in CHAPTER 6; as found by 
Anfodillo et al. 1998). We did not find a within-species increase in maximum 
conductance with increasing elevation, although commonly reported and 
attributed to wider tree spacing and more intense radiation (Körner 2012). 
However, the gs response to Rg revealed that individuals growing at higher 
elevations allowed their stomata to stay open during the night (see Figure 6.5e, f 
in CHAPTER 6), which could facilitate the faster response to sunrise and 
maximize transpiration during the day (Daley & Phillips 2006). Surprisingly, we 
found that only L. decidua showed the ability to adjust its stomatal dynamics to 
Ta under different thermal growing conditions (see Figure 6.5c, d in CHAPTER 
6), opening the stomata at lower temperatures at the treeline (with 3.2 °C colder 
growing conditions than in the valley bottom). These results highlight that L. 
decidua is able to adjust its conductance response to different thermal conditions 
and indicates that this species may be well equipped to function under changing 
future climatic conditions, compared to a climax species such as P. abies. Despite 
the drought in the summer of 2015 (see Figure 6.1 in CHAPTER 6), neither 
species showed plasticity in their stomatal behaviour (when comparing dry and 
wet growing conditions). However, we did find that L. decidua appeared to 
respond slightly faster in closing its stomata with increasing D (see Figure 6.5 in 
CHAPTER 6). Although the low severity and frequency of droughts within the 
Lötschental might not have been sufficient to initiate adjustment of the gs response 
to environmental conditions, this generates an uncertain image about the ability 
of these species to cope with more frequent droughts. 
 In CHAPTER 6, we focussed on the regulation of stomatal conductance 
which showed that a species with a pioneer life strategy (L. decidua) adjusts its 
stomatal behaviour to colder conditions more than a climax species (P. abies; see 
Figure 8.3a, b, c). Yet, to fully grasp the hydraulic life-strategies and its plasticity 
to different environmental conditions, we have to adopt a more holistic approach 
and include anatomical features and the dynamics of storage-water capacitance 
(e.g., Köcher et al. 2013). Although we did not find a significant difference 
between the size of storage tissue (e.g., Phloem in Figure 8.3d), L. decidua and P. 
abies could show differences in their dynamic use of the storage pool, which could 
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be addressed with dendrometers (e.g., King et al. 2013a). Also, we see a clear 
difference in the anatomical features between the species (see Carrer et al. 2017), 
with larger lumen area for L. decidua, which allows for more efficient water 
transport to the crown (Figure 8.3e). However, the temporal variability and 
plasticity of wood anatomical properties should be addressed (e.g., Eilmann et al. 
2014). 
 
Figure 8.3 Graphical presentation of the ability of Larix decidua and Picea abies to adjust 
stomatal conductance (gs) to warm and cold growing conditions (as discussed in CHAPTER 6). 
Hypothetical response of normalized gs to air temperature (Ta; a), solar irradiance (Rg; b) and 
vapour pressure deficit (D; c). These responses show a larger potential to adjust gs response to 
different environmental conditions for L. decidua than P. abies. No significant difference was 
found for phloem thickness measurements collected across the Alpine range (see CHAPTER 7; 
d). Wood anatomical measurements reveal a larger lumen area for L. decidua, when considering 
the first quarter of the tree ring (see CHAPTER 4). 
8.3 An important mechanism for explaining wood 
formation: Turgidity 
The environmental regulation of wood formation, dictating annual ring-width 
patterns, is commonly associated with the tree’s photosynthetic activity, while 
other growth-limiting factors might also be relevant. For example, global forest 
productivity models (i.e., dynamics global vegetation models; DVGMs) use the 
changes in CO2, light, temperature, water and nutrients to simulate photosynthetic 
activity and subsequently predict the future fate of forests as a carbon sink or 
source (Cox et al. 2000; Sitch et al. 2008). Although these models are 
continuously being expanded with post-photosynthetic mechanisms (Hayat et al. 
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2017; Huntzinger et al. 2017) to reduce the observed mismatch between 
simulations and observations (Babst et al. 2013; Anderegg et al. 2015), growth 
within these models remains largely driven by carbon production. Yet, increasing 
evidence points towards direct drivers of cambial activity regulating growth (or 
sink-limited growth; White et al. 2016), especially for trees growing in cold or 
dry conditions (Körner 2008; Parent et al. 2010; Muller et al. 2011). A key 
mechanism for initiating and regulating wood cell enlargement are internal tree 
hydraulics, which drives the turgidity in the cambial zone (Lockhart 1965). 
In CHAPTER 7, we explored the potential of “turgor-driven” growth in 
explaining intra-annual growth patterns for conifers exposed to cold growing 
condition and droughts. We adopted an individual-based mechanistic growth 
model (see De Schepper & Steppe 2010) and applied it to 20 individual trees 
monitored along the elevational gradient and in contrasting dry and wet sites in 
the Lötschental. For both L. decidua and P. abies, we found good agreement 
between the simulated growth and independent growth measurements (including 
annual ring-width measurements and weekly xylogensis observations). The fact 
that turgor-driven cell enlargement can explain ring-width patterns is in 
agreement with observations that the final ring width largely depends on the 
enlargement rate (Cuny et al. 2014). Cambial activity monitoring revealed that 
woody cell division starts around 5-6 °C, which is above the photosynthetic 
minimum (of ≈0 °C; Saxe et al. 2001; Körner 2008). Interestingly, the turgor-
driven growth simulations show a similar offset, where growth is highly unlikely 
to occur at temperatures below 2 °C, while the tree can still transpire water (see 
Figure 7.7 in CHAPTER 7). Additionally, correlations between climate and ring 
width show that individuals at the treeline are sensitive to the mean temperature 
for the period from June to August (S22 in CHAPTER 2), which overlaps with 
the temperature range where turgor-driven growth is limited. Soil droughts (or 
low soil water potential), occurring in the valley bottom of the Lötschental, 
appeared to heavily reduce growth, where growth was unlikely to occur below  
-0.6 MPa, while even drier conditions are needed to halt photosynthesis (Muller 
et al. 2011). The observed offset between growth and photosynthetic responsed 
to temperature could explain why DVGMs show a stronger positive climatic 
sensitivity than tree rings at higher elevations (Babst et al. 2013; Fatichi et al. 
2014). This offset suggests that trees growing under temperature-limited 
conditions (e.g., at the treeline) will benefit less from the expected temperature 
increase (Collins et al. 2013) than they would if growth was directly controlled 
by photosynthesis. Additionally, the increased frequency and intensity of 
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droughts will likely cause more severe reductions if growth is driven by turgidity 
instead of photosynthesis (see Muller et al. 2011). This reduction might be 
partially driven by increased vapour pressure deficit, which reduces turgor-driven 
growth, as it heavily affects the release of water to the atmosphere and the refilling 
of the storage tissue that generates positive turgor (Damour et al. 2010). 
Disentangling these environmental drivers will be needed to fully grasp the 
consequences of climate change on future tree growth. 
 The modelling paradigm presented in CHAPTER 7 shows great promise in 
improving our predictions on future forest productivity. Yet, before the 
improvements can be incorporated into models operating on large spatial scales, 
additional steps have to be considered. The model is currently quite data 
demanding, requiring intra-daily measurements on both environmental and 
physiological conditions, which are not always available. First, as soils are highly 
heterogeneous and soil volumetric water content (θ) measurements are not always 
available, water balance models should be incorporated (Figure 8.4.1; e.g., 
Salomón et al. 2017). Additionally, soil-water retention curves need to be 
established to translate θ into ψsoil, which is a required model input (applied in 
CHAPTER 4; e.g., Teepe et al. 2003). 
Second, data on transpiration and photosynthesis should be available 
(Figure 8.4.2). Although data collection initiatives like TreeWatch.net (Steppe et 
al. 2016) will advance the availability of sap flow data needed for driving the 
model, the improvement of transpiration models is more likely to improve the 
temporal and spatial applicability of the model. The gs response (used to model 
transpiration; Monteith & Unsworth 2013) to environmental conditions and the 
inter- and intra-specific dynamics should be addressed (e.g., CHAPTER 6; 
Grossiord et al. 2007). Additionally, the effect of precipitation on gs and the 
mechanisms which regulate nighttime transpiration should be investigated (Caird 
et al. 2007), as they affect the stem storage refilling process, which is crucial for 
generating positive turgor pressure. Next, as carbon dynamics interact with 
turgor-driven growth mechanisms (De Schepper & Steppe 2010), models 
simulating photosynthetic activity under different environmental conditions 
should be calibrated and validated (e.g., Farquhar et al. 1980; Maire et al. 2012). 
Third, we need a better understanding of the regulation of internal 
hydraulics and carbon dynamics within the stem under different environmental 
conditions (Figure 8.4.3). Currently, the presented mechanistic models require a 
calibration procedure for a multitude of parameters (De Pauw et al. 2008), which 
does not promote its use for predictive purposes. There is thus a clear need to 
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improve our understanding on the behaviour of these parameters under different 
environmental conditions across different species (e.g., Steppe & Lemeur 2007; 
Salomón et al. 2017; CHAPTER 7). For example, although the extensibility of 
cell walls during cell enlargement (ϕ) could affect annual growth patterns, this 
parameter is often fixed without seasonal dynamics (e.g., CHAPTER 7; Génard 
et al. 2001), which seems unrealistic. 
Finally, the structural development of wood-anatomical features has to be 
considered (Figure 8.4.4). With the mechanistic model, the xylem diameter 
dynamics are simulated, not distinguishing between the number and dimensions 
of wood cells (or tracheids for conifers; Vaganov et al. 2006). Predicting the 
anatomical properties is important, as these affect the hydraulic functioning and 
structural integrity of the stem (Fournier et al. 2006; Sperry et al. 2008). Although 
turgor drives the enlargement of xylem cells, originating from the cambium, our 
understanding of the process of cambial cell production and division to form 
xylem cells has to be improved (Gregory & Wilson 1967; Shishov et al. 2015). 
Additionally, the process of cell wall thickening shows diverging dynamics from 
radial growth (Cuny et al. 2015), which should be appropriately incorporated if 
we want to predict structural properties of the wood. 
8.4 Outlook 
In this thesis I showcase the potential of elevational transect studies to provide 
crucial insights into the effect of persistent changes in growing season temperature 
on annual tree growth patterns, wood formation dynamics and tree hydraulics. 
Furthermore, collecting a large variety of tree physiological measurements (e.g., 
stem diameter variations, sap flow, leaf water potential, wood anatomical 
properties and tree-ring width) allow us to calibrate and validate mechanistic 
growth models. I illustrated that tree-ring width can provide insights into the 
aboveground biomass dynamics of high-elevation conifer forests and explain how 
inter-annual climatic variability and insect activity dictate tree-ring variability. 
Weekly xylogenesis observations provided information on the interplay between 
climate and the duration and rate of cell enlargement and wall thickening and can 
validate mechanistic growth models. Besides revealing differences in stomatal 
regulation between two conifer species, sap flow is a key input for mechanistic 
growth models. Such mechanistic growth models show that turgidity is an 
important driver to explain wood formation dynamics, wich could help to improve 
predicting future forest productivity. 
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Figure 8.4 Schematics for the future application of mechanistic growth models for simulating 
intra-annual growth patterns in trees (conifers in this example). The numbers indicate the 
specific steps which are needed to improve the model, including; 1) soil water balance 
processes, 2) stomatal conductance regulation and photosynthesis, 3) mechanistic regulation of 
internal hydraulics and carbon dynamics, and 4) structural development of wood anatomy. 
Symbols used include; stomatal conductance (gs), vapour pressure deficit (D), air temperature 
(Ta), solar irradiance (Rg), precipitation (P), relative humidity (RH), soil water potential (ψsoil), 
soil moisture content (θ) and time (t). Orange symbols and arrows indicate processes related to 
carbon dynamics while blue object present water related processes. This figure provides a 
schematic overview of the processes discussed in the text. 
 An important message of this thesis is that solely internal tree hydraulics, 
affecting turgidity within the cambium, can largely explain intra-annual growth 
dynamics and ring-width patterns. This finding should stimulate the revision of 
growth models that are solely driven by photosynthetic activity to predict growth 
patterns (see Fatichi et al. 2014; Friend et al. 2014). Besides benchmarking 
modelled inter-annual growth patterns against measurements performed in the 
field (e.g., Babst et al. 2013), more validation is needed on an intra-annual scale. 
This is especially relevant as there is a clear difference between radial wood 
increment and the allocation of carbon to cell walls at an intra-annual scale (Cuny 
et al. 2015), which indicates that cell wall production might be regulated by a 
different mechanism than radial size. It is important to note that our modelling 
effort does not imply that photosynthesis is not relevant for growth. For example, 
there is a clear link between the presence of photosynthetic products, which affect 
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the osmotic potential, and subsequently the turgidity within the cambium (De 
Schepper & Steppe 2010). Including photosynthesis within the mechanistic model 
presented in this thesis would aid in identifying these interactions, although this 
requires continuous measurements of photosynthetic activity for validation. A 
logical next step would thus be to apply our mechanistic modelling framework on 
trees growing near eddy covariance flux tower sites, which could provide long-
term records of photosynthethic activity (Chu et al. 2017) and independent 
validation of the water use derived from sap flow measurements (e.g., Wilson et 
al. 2001). 
 Within this thesis, I focussed on the Lötschental, which covers the thermal 
distribution limits of both L. decidua and P. abies. Yet, other environmental 
gradients, could be addressed within the measurement and modelling framework 
applied in this thesis, for example considering the relative position in species-
specific climatic envelopes (i.e., species range projections; Zurell et al. 2016). 
Valuable initiatives are currently collecting global databases of important tree 
physiological parameters (Figure 8.5), which could be utilized within the 
presented mechanistic modelling framework. The task at hand is to identify the 
“hotspots” where multiple parameters are available to model intra-annual growth 
dynamics, including tree hydraulics and photosynthetic activity. However, when 
considering the distribution of measurements in climate space (mean annual 
temperature and precipitation; Figure 8.5), it is clear that the monitoring is not 
performed evenly. There is a clear gap in data collection in warm and humid 
ecosystems, while tropical forest ecosystems are critical for the global carbon 
balance (as discussed by Zuidema et al. 2013). Additionally, wood anatomical 
measurements are more often performed on sites with colder climatic conditions, 
while sap flow is mainly monitored under warmer conditions. These data gaps 
and mismatches in climate-space distribution should be resolved in order to 
provide a base for a more holistic analysis on tree hydraulics, photosynthetic 
activity and wood formation. Combined with such global datasets, our modelling 
approach can help to understand the future fate of forests exposed to 
environmental changes.   
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Figure 8.5 Distribution of sites with relevant tree physiological measurements in climate space 
(mean annual temperature and precipitation), including sap flow (SAPFLUXNET; Poyatos et 
al. 2016), wood anatomy (XCELL and GLOBOXYLO database), dendrometer (DendroGlobal 
database), flux tower (FLUXNET; Chu et al. 2017) and tree-ring width measurements (The 
International Tree-Ring Data Bank; Babst et al. 2017). The forest data was extracted from the 
MODIS land cover data products (Forest= fractional forest cover >60%; Friedl et al. 2010). 
The mean annual temperature and precipitation were obtained from WorldClim data products 
(Fick & Hijmans 2017). The location of the Lötschental in the climate space has been 
highlighted. 
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Summary 
Conifers show a biogeographical distribution across a wide range of contrasting 
environmental conditions, stretching from the Arctic Circle to the equator and 
Southern Hemisphere. In mountainous ecosystems, conifers can dominate at high 
elevations with low temperatures severely limiting tree growth and survival. 
Conifers growing at sites with temperature limiting conditions are highly sensitive 
to ongoing climatic change, where warmer and drier conditions will impact their 
growth. Understanding how high-elevation conifers will respond to these changes 
in climate is critical, as they play a role in regulating terrestrial carbon storage 
(facilitated by the formation of woody tissue) and water balance (by releasing 
water to the atmosphere via transpiration). The environmental regulation of wood 
formation (i.e., tracheid development in conifers), which dictates annual ring-
width patterns, is commonly associated with the tree’s photosynthetic activity, 
while other growth-limiting factors might also be relevant. For example, tree 
growth requires turgidity in the cambium to exert the pressure necessary for cell 
expansion, assimilates to lengthen and thicken cell walls, warmth to allow the 
metabolic reactions to take place, and time for these processes to be completed. 
Yet, an in-depth study on how important tree hydraulics (i.e., transpiration 
dynamics) are in regulating “turgor-driven” growth in high elevation forests is 
lacking. 
As part of the LOTFOR project, the general objective of this work is to develop a 
better mechanistic understanding on how tree hydraulics and environmental 
factors interact in regulating wood formation and shaping tree rings in high-
elevation conifer trees. More specifically, the coupling between stem hydrological 
cycles and structural carbon dynamics is investigated in the context of increasing 
temperature and water scarcity. This thesis combines multi-annual records of both 
intra-annual wood formation data and high-resolution hydraulic measurements 
within a mechanistic growth model to explain inter- and intra-annual tree growth 
patterns. To simulate the impact from recent climate change on these mechanisms, 
a space-for-time experimental setting is applied within the Lötschental, located in 
the Swiss Alps, where we collected data of two commonly occurring conifer 
species (Larix decidua Mill. and Picea abies Karst. L.) along an elevation/thermal 
gradient and contrasting wet and dry sites. Additionally, evaluations are 
performed on existing methodologies for measuring sap flow and handling large 
wood anatomical datasets. 
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Analysing how climate affects tree growth at high elevations requires 
measurements on inter- and intra-annual growth, frequently obtained from tree 
rings and wood formation observations, respectively. In CHAPTER 2 of this 
thesis, more than 150 years of inter-annual growth dynamics along the elevational 
gradient (derived from tree rings) are assessed in relation to temperature, 
precipitation and insect activity. An analysis of the recent forest biomass 
increment increase, derived from the tree-ring width measurements, indicates that 
the absence of insect outbreaks (since 1981) has caused an equal or even greater 
impact on carbon sequestration compared to the observed warmer summer 
temperatures. The presented analysis reveals the relevance of including such 
biotic drivers and their interactions with climate in models assessing the future 
productivity and carbon sink capacity of forests. In CHAPTER 4, using the 
algorithms presented in CHAPTER 3, we monitored intra-annual tracheid 
development across an 8 °C thermal gradient including two elevational transects 
(in the Lötschental and Vosges Mountains in France) to investigate cell 
enlargement and wall thickening dynamics in relation to environmental 
conditions. Results show that at colder sites, differentiating tracheids compensate 
for lower rates of cell enlarging and wall thickening by increasing the cell 
development time, except for the wall-thickening latewood cells. This 
compensation allows conifer trees to mitigate the influence of temperature on the 
final tree-ring structure, with important implications for the ring’s size and 
functioning. 
The production of carbohydrates and generation of turgidity in the cambium to 
initiate growth are tightly linked to the way a tree regulates the flow of water 
through the soil-plant-atmosphere continuum. For high elevation conifers, the 
regulation of the stomatal conductance in the leaves is important, as transpiration 
has to be optimised for minimal water losses during winter and maximum 
photosynthetic yield during the short vegetative season. Interestingly, sap flow 
(measured with thermal dissipation probes installed into the water-conducting 
wood) can be used to derive stomatal conductance, although this application 
requires proper data processing of raw sap flow measurements to reduce 
uncertainties. CHAPTER 5 presents a quantification of the uncertainties 
generated by commonly applied data-processing methods for conifer sap flow 
measurements. The uncertainty analysis reveals the importance of performing 
species-specific calibrations of the sap flow probes, determining zero sap flow 
conditions with environmental measurements, and applying a dampening 
correction for better estimates of both the variability and absolute values of whole-
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tree water use. The processed sap flow measurements are used in CHAPTER 6 to 
address the ability of L. decidua and P. abies in the Lötschental to adjust their 
conductance response to environmental conditions when growing under 
persistently colder and drier conditions. The results indicate that the pioneer L. 
decidua is more plastic in optimizing its conductance response to temperature 
with increasing elevation, compared to P. abies. Surprisingly, drought sensitive 
P. abies did not show a stronger downregulation of its stomatal conductance 
during drought episodes compared to L. decidua. The stronger plasticity of 
stomatal conductance response to environmental conditions and the higher water-
conductance efficiency of L. decidua, compared to P. abies, provides a new 
insight into how trees differ in water-use strategies and indicates that L. decidua 
may be well equipped to function under changing future climatic conditions, 
compared to a climax species such as P. abies. 
While mechanistic models can now simulate turgor-driven growth and potentially 
improve current growth predictions, they lack validation on annual timescales. 
CHAPTER 7 uses the processed intra-daily sap flow together with site-specific 
environmental measurements in a mechanistic whole-tree model. The simulated 
growth dynamics show good agreement with the observed inter- and intra-annual 
growth in high-elevation conifers (obtained from tree-ring width and xylogenesis 
observations, respectively). Four years of high-resolution measurements on sap 
flow and diameter variations were used to apply the mechanistic model for L. 
decidua or P. abies trees growing along the elevational gradient and in contrasting 
dry and wet sites in the Lötschental. Good agreement was found between the 
simulated and observed radial stem growth. Growth was unlikely to occur at 
temperatures below 2 °C (which is above the photosynthetic minimum) or soil 
water potentials lower than -0.6 MPa. These results suggest that turgor and its 
environmental drivers are important for regulating radial growth and should be 
considered when assessing forest productivity under changing environmental 
conditions. 
If one message becomes clear from this thesis, it is that elevational transect studies 
provide crucial insights into the effect of persistent changes in growing season 
temperature (as induced by climate change) on annual tree growth patterns, wood 
formation dynamics and tree hydraulics. Furthermore, collecting a large variety 
of tree physiological measurements is vital for testing and validating the 
mechanisms that regulate tree growth and forest productivity patterns. 
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